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Abstract 
ANALYSIS AND SOLUTIONS FOR RFID TAG AND 
RFID READER DEPLOYMENT IN WIRELESS 
COMMUNICATIONS APPLICATIONS 
Simulation and Measurement of Linear and Circular Polarised 
RFID Tag and Reader Antennas, and analysing the Tags radiation 
efficiency when operated close to the human body 
Majid Al khambashi 
Keywords 
Radio Frequency Identification (RFID); Sensor Antennas; Genetic 
Algorithms (GA); Antennas; Antenna Polarisation; Radiation Pattern; 
Finite-Difference Time-Domain (FDTD); Method of Moments (MoM); 
Balun. 
The aim of this study is to analysis, investigate and find out the solutions for the 
problems associated with the implementations of antennas RFID Reader and Tag 
for various applications. In particular, the efficiency of the RFID reader antenna 
and the detection range of the RFID tag antenna, subject to a small and compact 
antenna’s design configuration have been studied.  
The present work has been addressed directly to reduce the cost, size and increase 
the detection range and communication reliability of the RFID framework 
antennas. Furthermore, the modelling concept of RFID passive tags mounted on 
various materials including the novel design of RFID reader antenna   using 
Genetic Algorithm (GA) are considered and discussed to maintain reliable and 
efficient antenna radiation performances. 
The main benefit of applying GA is to provide fast, accurate and reliable solutions 
of antenna’s structure. Therefore, the GA has been successfully employed to 
design examples: meander-line, two linear cross elements and compact Helical-
Spiral antennas.   
In addition, a hybrid method to model the human body interaction with RFID tag 
antenna operating at 900MHz has been studied. The near field distribution and the 
radiation pattern together with the statistical distribution of the radiation 
efficiency and the absorbed power in terms of cumulative distribution functions 
for different orientation and location of RFID’s tag antenna on the human body 
have been demonstrated.  
Several tag antennas with symmetrical and unsymmetrical structure configurations 
operating in the European UHF band 850-950 MHz have been fabricated and 
tested. . The measured and simulated results have been found to be in a good 
agreement with reasonable impedance matching to the typical input impedance of 
an RFID integrated circuit chip and nominal power gain and radiation patterns.. 
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CHAPTER ONE 
INTRODUCTION AND RESEARCH MOTIVATION 
1.1 BACKGROUND AND OBJECTIVES 
Radio Frequency Identification (RFID) is a form of wireless data transfer 
which does not require a line-of-sight channel as is required with infra-red 
linked terminals. Typically, it comprises of small, discreetly placed 
transponder tags and a transceiver unit that is usually referred to as the 
reader which interrogates the sent data as well as providing linkage to a 
wider network [1, 2]. Moreover, the RFID system in its basic form transmits 
a target identity in the form of a unique serial number. In term of 
classification, RFID naturally generalises as a flexible component within an 
Automatic Identification technology (Auto-ID) in which several target 
objectives and applications could be analysed subject to achievable 
sensitivity in the hardware implementation [3, 4].  
To simply the picture, RFID tags are small electronic widgets, nodes in 
network terms, which are adhered, embedded or otherwise fixed to the target 
structure. Naively, it may be seen as a replacement for certain areas of, for 
example, optically read barcode systems, whilst deepening and extending 
both the density and range of available information. In term of installation, 
the essential hardware comprises of an integrated circuit (IC) and an 
antenna. Various levels of integration and control devices are possible 
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within an RFID system. RFID systems may be broadly divided into passive 
and active systems, but in this work the passive RFID has been concerned 
[4].  
The most convenient realisation tends to favour the passive approach owing 
to the system uses the coupling effect between two or more antennas 
through which a communications channel is established. Usually, the 
transceiver unit is a fixed node or base with the transponders acting as 
rovers. For most practical purposes, their operation is based on magnetic 
coupling and in addition the base provides the power required by the tags 
through coupling radiated induction zone fields. So, the antennas will 
require precise tuning to the operating frequency or resonance which will 
typically be featured into any practical design. In other words, this must be 
an intrinsic feature of the design. By modulating these fields, the base 
station is able to transmit a signal to the tags to power them up and 
consequently return energy on-chip data to the base [4, 5]. On the other 
hand, the detection range of the tags will be effectively bounded by the 
power received from the base station. Consequently, for long detection 
ranges, active tags should be considered. Since the active RFID is used 
throughout the conventional high frequency domains including UHF and 
VHF microwave and millimetre wave. In return, on active RFID system 
requires more complex electronics and share comparable size constraints 
with their passive counterparts, so in spite of memory functions, as well as 
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the potentially high data rates, the successful realisation should be consider 
the signal integrity as well as taking noise issues into account [6].  
For both passive and active RFID devices, the broad environmental 
conditions are significant factors in the antenna design, therefore, RFID 
readers need to be able to cope with dielectric mixtures and various material 
composites. To some extent, positioning will be determined by the presence 
of conducting materials. Furthermore, designing strategies for overcoming 
the constraints imposed by strong conducting layers and liquids such as 
water are a matter of continuous review and improvement. In a passive 
RFID set, the reader powers up the tags, so that information can be passed 
on by the chip using a low power radio wave. However, for ease of use, 
RFID readers may be fitted with an additional interface. Thus, passing on 
the data to another sub-system such as a PLC (programmable logic 
controller) [3, 4].  
Many identification methodologies may be followed, but the most common 
operation is to store an ID or serial number that identifies a specific product 
or data type. Precisely, the stored information on the tag can range from just 
the ID, to several kilobytes of read-write data, to dynamic updates on 
specific aspects of environmental response for example temperature 
profiles. In fact, the RFID tags could be read-only or read-write depending 
on their data storage capability; most read-only types have no data storage 
capacity beyond their unique ID. Hence, the data for monitoring the process 
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and analysing the data may be accessed from a mobile terminal such as a 
smart phone or PDA or host computer; overall, the process will be fully 
automated [7, 8]. 
The RFID system is characterised by the detection range and a variety of the 
mostly second order effects such as the magnitude of the information to be 
passed, the transmit rate and the physical space available on the tag. This 
last point gives rise to a fundamental physical constraint: antenna selection 
and construction. The fitness may now be measured in terms of the stiffness 
of the network with respect to its material and electromagnetic environment. 
This final statement carries a lot of assumed information regarding to the 
system parameters such as the operating frequency and the system 
performance metrics as a function of acceptable data transfer [9, 10, 12]. 
Seen from a logistical or commercial perspective RFID is an empowering 
technology. For example, a customer’s data may be extracted from the 
network as a set: the unique tag ID, the reader ID, the transaction status 
code and the error code [12]. Consequently, RFID is expected to boost 
supply chain efficiencies and security of supply through increased asset 
visibility and inventory controls. It is possible to see this in a rather more 
abstract manner, as suggested by the system fitness concept alluded to 
previously with applications appearing in medical physics and broad clinical 
practice [13]. Physically, the tag is a packaged assembly with an embedded 
thin film medium [12, 13]. 
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Unlike conventional wireless communications, there is no market dominance 
for RFID technologies; although, this is really a reflection of the pervasive 
and ubiquitous nature of the technology. Thorough reading around this 
topic, shows that many specialist applications are very much the concern of 
specific leading industries (e.g. WalMart, Gillette), laboratories (e.g. MIT 
Media Lab) and the more niche applications are more the preserve of 
entrepreneurs and small companies [14].  
An RFID system simply consists of tags, readers and an application system. 
Typically, when a tag is attached to a person or object passing through an 
electromagnetic field generated by a reader and detects a signal from the 
reader, it identifies itself in terms of its serial number, a model number, 
colour, place of assembly, or other stored information. Furthermore, the 
RFID tags can be classified as chip and chip-less tags based on the way the 
tags store their data [15, 16]. In particular, chip-less tags do not contain an 
integrated chip, therefore unique patterns are encoded on the surface of 
materials/tags. On the other hand, tags containing microchips are called chip 
tags, in which the Integrated circuit (IC) has been used to store the unique 
data.  
Throughout a wireless sensor network environment, the RFID method is 
considered as the dominant wireless identification for the next generation 
capable of recording or reading using RFID core technology [16]. Presently, 
the network aims at the communication using IP between entities of the 
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converged network like Broadband Convergence Network (BcN).  Among 
many suggested networks, the BcN network seeks the convergence of 
existing diverse communication networks and one of its convergence areas 
is the service convergence, in which the RFID system is the core technology 
for comprising the most existing networks. In fact, the IP networking 
address cannot be done by the RFID tag ID itself. Therefore, a special 
mechanism is used for generating the IPv6 address by using the RFID tag ID 
for the IP networking as the one generated by using Electronic Product Code 
(EPC) of EPC global standards [17]. 
The RFID operating frequency has been raised into the high frequency band. 
Eventually, any problems that may occur in the design of the system such as 
impedance matching, inductive coupling range and the antenna type become 
more complicated and acute [13, 18]. For example, a multi-turn loop 
antenna at microwave band is not recommended as the number of windings 
decreases as the frequency increases (1000-100)turns between (100-400) 
kHz and (10-3) turns at (<13.56) MHz. For more information retrieval, the 
antenna size at high frequency rates must be small with Omni-directional 
properties or hemispherical coverage. It is clear that the problem of gain 
and polarisation must also be taken into account to provide the maximum 
possible signal [15]. There are several possible antenna designs that can be 
developed at high frequency which can be classified into two main types: 
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• Omni-directional Antennas: some of these antennas are characterised 
by low input impedance between (50-80)Ω, such as a dipole, or high 
input impedance between (100-300)Ω, such as a in closed loop, and 
between (10-200)Ω for open loop structures such as a folded dipole. 
In general, they have linear polarisation with low gains [2]. 
• Directional antennas: to achieve good matching impedance the 
printed board antenna (50-100)Ω and micro-strip technology (30-
100)Ω are becoming more popular in RFID antenna systems. In 
bandwidth terms, the printed dipole and patch antennas achieve low 
relative bandwidths (10-15)% and (2-3)% respectively while the log 
spire antennas have wideband frequency which is up to 100%. 
For RFID antenna matching, the tuning procedure for the same antenna 
varies depending on the application type in use. This problem becomes very 
clear when an object is placed closed to the antenna as it will degrade the 
return loss spatially when the antenna used is Omni-directional. In some 
cases, when the object is dielectric the change occurs in the resonance 
frequency as well. However, directional antennas do not suffer from this 
problem; they are recommended to be used rectify the problem. In addition 
to this, objects close to the antenna also affect the radiation pattern for glass 
or plastic by up to 10 dB reduction in pattern at 100mm. This problem 
occurs wherever the antenna is directional or Omni-directional [15].  
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Furthermore, the radiation pattern of the antenna for both the tag and the 
interrogator antennas when the hand-held systems are used will be seriously 
distorted [15, 16]. However, it should be clearly noted that for a fixed 
transmitted power the range decreases by increasing the operating 
frequency. Therefore, an active antenna system is required to compensate 
for this constraint and achieve better detection ranges. On the other hand, 
antenna overwhelmingly emit in the proximity of complex models that could 
considerably influence the transmitter performance. Therefore, the antenna 
problems could be analysed, evaluated and solved via accepting full-wave 
numerical methods e.g., Finite-difference time-domain (FDTD), Method of 
Moments (MoM) or Finite Element Method (FEM)) [21]. 
The FDTD technique has been adopted from the differential equation 
formularization which gives direct results through the moving in discretised 
time of Maxwell’s curl equations. In other words, the design model is done 
through continuous transfer of the equations into discrete counterparts in 
both space and time. In addition, this method is normally executed as an 
initial stage across building a suitable structure for numerical evaluation 
and implementation on digital computers [22, 25]. 
In comparison to the FDTD, the MoM has been created using the integral 
equations, which is appropriate for testing electromagnetic performance of 
transmitting and/or scattering models. In addition to this, MoM is simply 
modelling the arranged metallic bodies embedded in a homogeneous 
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environment. In case of addressing the possibility of collecting the FDTD 
and MoM to solve antenna problems, a hybrid numerical method could be 
modified in the event of the possibility of dividing an electromagnetic 
problem into sub-problems [26, 27]. 
1.2 AIMS AND OBJECTIVES 
Much time and effort is spent in generating RFID tag and reader antennas’ 
model in order to achieve the best simulation and measurement results. 
Particularly, the reading attempt could be estimated by how such knowledge 
might be captured. In contrast, the practical parts which have been 
implemented give the certainty in the results after comparing the simulation 
and measurements results. Observance that the readers antenna operate at 
(866-867)MHz, therefore, all of the designs in this report have been 
modulated to work in the RFID European UHF band frequency standard 
range (865-868)MHz as well as the most of them operate with high 
efficiency using Alien reader’s antenna. 
This research is allied to design new radiating elements that support the 
operation of the RFID systems that includes the development of tag and 
reader sensors based on various applications. Recently, RFID technology 
has been successfully implemented in various industrial, public and 
government sectors. The main inspiration of this research could be 
summarised as follows: 
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• To implement, new tag and reader antennas to improve the detection 
range for various expected applications. This includes the use of 
genetic algorithms to design new compact structures in order to 
satisfy several constraints. 
• Improve the tag antenna operation when placed on surface objects 
having different electric properties. This concerns the problem of 
reducing the mutual coupling between the antenna and the object. 
An initial parametric study approach of the tag and reader design concept 
has been carried out in this research to support the idea of implementing 
small sized systems, taking into consideration the aim of maximising the 
transfer power into and out of the device when the tag mounted on different 
materials. 
The antenna design concept based on polarisation diversity has been 
highlighted in this work to help and improve the system performance. A new 
design idea of a compact circular polarised antenna has been considered and 
tested to achieve better detection distance and acceptable working 
bandwidth.  
The research work has intensively investigated and discussed the modelling 
of and measurement process of these newly design of sensors such as the 
mounting of the IC chip on the RFID antenna tag. 
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The research also to considers how to establish statistical measurements on 
predicting the maximum detection range of the prototype antennas for 
evaluation purposes, subject to the various orientations and mounting of the 
RFID tags with respect to the reader location.   
With this work, several antennas have been successfully designed and 
tested.  A comprehensive study of the enhanced detection range has been 
investigated at UHF frequency band.  
1.3 THE NEW RESEARCH CONTRIBUTIONS FOR THE 
PRESENT THESIS  
The main research contributions include the following: 
• Adopting the Genetic Algorithm (GA) to design linear and circular 
RFID tag’s antennas. 
• Deployment the RFID tags to operate stable on the multiple items 
surface with different electric properties.   
• Model a novel Helical-Spiral RFID reader’s antenna using Genetic 
Algorithm (GA). 
• The cost and the reliability of the RFID tags have been considered 
and evaluated in this research; this includes the selection process of 
passive tag and the dielectric material properties. 
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• The human body interaction with RFID tag has been studied using a 
hybrid method technique. 
• Several new RFID tags sensors were implemented analysed and tested 
covering various applications.  
• A compact balun operated at 900MHz has been implemented to 
support the measurements of antenna’s radiation performances. 
• For the validation process the achieved results of the genetic 
algorithm (GA) software have been compared to two well known 
software packages. These are Computer Simulation Technology 
(CST) and High Frequency Structure Simulator (HFSS),  
• A conceptual RFID antenna’s structure is proposed exploring from 
the variations of several antenna parameters through the using of the 
parametric study. 
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1.4 ORGANISATION OF THE THESIS 
The remainder of this thesis is organised as follows: 
Chapter Two provides an overview of RFID technology and applications 
based on a detailed literature review; it then goes on to provide a perceptual 
setting for the rationale and scope of the proposed research. Moreover, the 
RFID system history, the types, the operation frequency and environment, 
the types of chips and memory used in RFID have been studied and 
discussed. 
In Chapter Three, a critical appraisal of a planar meander line and cruciform 
RFID tag model and cross-shape RFID tag antenna has been made for the 
UHF band. These antennas are designed to meet the required aspects of 
linear and circular polarised antennas operation (LP and CP). The intention 
is to set a flexible design strategy which combines the selective capability 
of a heuristic optimiser. In this case, a generic algorithm with the accuracy 
of physics based model defined through an electromagnetic simulation code. 
The NEC2 code was selected for this task as it is universal rigorously 
benchmarked and may be combined with the GA driver into an efficient 
machine code. The nominal operating frequency in these sample designs was 
set at 900MHz and the simulated impedances of the GA-optimised tag 
antennas are compared vs. target impedance values and actual prototypes 
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have been realised and measured. Including in the final measurements is a 
preliminary evaluation of detection range.  
In Chapter Four, the class of LP-antennas studied in Chapter Three, is 
extended through a detailed analysis of equally spaced, with single and 
double rectangular, meander line antennas. Symmetrical antenna structures 
have been examined using a balanced feeding network in the balun feed. In 
addition, the effects of looping in the chip mount neighbourhood have been 
studied. Several antenna tags are subsequently modelled and then prototypes 
created and measured. The modelling of these antennas is carried out using 
Ansoft’s High Frequency Structure Simulator (HFSS) and Computer 
Simulation Technology (CST) and concentrating on the identification and 
tuning of the critical structure parameters rather than attempting to locate a 
global minimum. Once again, physically realised structures have been built,  
measured, and assessed for detection range.   
Chapter Five tackles the problem of proximity of antenna tags with metal or 
metal-composite surfaces. Modified ‘S’ and ‘T’ structures are proposed as 
test structures. The purpose was to extend the modelling capability further, 
mostly using HFSS and CST, to characterise the antenna in its operating 
environment. Experimental investigations are carried out on this basis with 
lessons learned in the attempted realization being fed back into the 
simulation. Initial results appear consistent, but several practical build 
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related and system performance issues cannot be inferred directly from this 
style of simulation.  
Chapter Six presents the design and optimisation of compact hybrid 
quadrifilar helical-spiral RFID Reader’s antenna using GA. The radiation 
performance of the new proposed antenna is presented. The symmetry of 
antenna geometry features of balanced feeding, high power gain and its 
capability to mission circular polarisation for a broad angular area suggests 
that this antenna is a good applicant to RFID reader applications. 
Chapter Seven describes the design investigation of the interaction between 
electromagnetic field and the human body for RFID tag’s antenna using a 
hybrid MoM/FDTD computational method. In order to facilitate the present 
work, the optimum RFID tag’s antenna (meander and cross shape) has been 
modelled  in free space using NEC [29-31], then the results fed to the  
hybrid code that links MoM and FDTD, in which it has  been  written as a 
platform in Fortran 90. Indeed, the designing method has been applied to 
implement a typical on human body scenario at the frequency of 900MHz. 
Ultimately, the near as well as far fields and the cumulative distribution 
function of the radiation efficiency at thirty two locations on back and front 
of human body have been well studied and analysed.  
Chapter Eight presents integrated conclusions of the research work done and 
suggestions for future work based on the results presented in this thesis.   
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CHAPTER TWO 
LITERATURE REVIEW AND OBJECTIVES OF THE 
RESEARCH 
2.1 INTRODUCTION  
Automatic Identification systems (Auto-ID) are an enabling class of 
technologies that are used for the identification of objects and collections of 
data linked to these objects without the need of human intervention [3, 33]. 
Figure 2.1 shows a possible family of Auto-ID technologies including bar-
coding, biometrics, optical character recognition (OCR) and radio frequency 
identification (RFID). Some concepts are plainly more generic than others 
and there is a potential for a degree of polymorphism in this classification. 
 
Figure 2.1: Auto-ID systems 
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RFID uses radio waves to identify physical objects [3] in contrast with 
barcode systems which are read by fixed line of sight readers and can only 
work individually. Generally, the barcode systems are substantially 
degraded by even minor damage or obscured targets and cannot be updated 
[34]. In terms of accuracy of work, bar-coding often requires manual 
tracking and therefore it is susceptible to human error. In contrast, the RFID 
could cope with dirty or harsh conditions and could read multiple tags not 
necessarily requiring line of sight transmission; finally, the raw detection is 
not subject to human error [3, 34].  
2.2 CONCEPT AND EXISTING IMPLEMENTATION OF 
RFID SYSTEMS 
In many aspects, RFID technology is a natural evolution of technologies 
developed in WWII starting with early modern development might be traced 
to the Auto-ID and Media labs at MIT, both of which remain major centres 
of innovation and development in the field and their applications. There 
were parallel developments in the USA including projects through DARPA, 
the Department of Defence and the Department of Homeland Security [3, 
35]. In 2003, RFID tracking was used within the Alexandra Hospital 
(Singapore) during the SARS outbreak. The RFID tags were equivalent to 
ID cards with the networked data being used to create an infection map 
which could be centred around individual cases [3, 35]. A tangible law 
enforcement application was implemented by the European Central Bank in 
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2005 in which RFID has been used as a tracking mechanism for Euro bank 
notes [33]. Retail sector applications are now quite pervasive that early 
deployments are well documented both in academic and trade journals [3, 
33].  
A generic RFID setup comprises four main elements: 
• Transponder tags are located on target objects. 
• The transceiver (reader) interface communicates between the 
microcontroller and transponder, the precise details depends on the 
specification of the technology. 
• Data processor – microcontroller. 
• Reader and tag antennas.  
RFID technology provides a quick, flexible and reliable way to 
electronically detect, track and control a different range of items. As well as 
these characteristics, the RFID has advantages which are not available with 
other identification technologies such as programmability and adaptation; it 
could achieve response times of less than 100ms even under harsh 
conditions [7]. A recent study by A. R. J. Ruiz, et al. [9] presents a novel 
technique to precisely locate persons inside by fusing inertial navigation 
system (INS) methods with an active RFID system. The RFID hardware and 
software technologies incorporate the electronic product code (EPC) global 
standards which is a product numbering standard which could be considered 
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as the ID number of the chip. Each tag is assigned a unique EPC which 
allows any change occurring on the targets to be recorded [36]. Using the 
EPC, the information stored on the tag can range from as little as a simple 
ID number to several kilobytes of read-write data [22, 37]. Typically, 
header, EPC manager number, object class and serial number are an example 
set or data where these represent: 
• Header: length, type, structure and generation of EPC. 
• EPC manager number: maintains subsequent partitions. 
• Object class: a protocol class defined by EPC Global. 
• Serial number: identifies instance, encoded in bits on the tag. 
The information from the tag/reader may be presented to a human operator 
over a mobile terminal or a host computer which manages the data 
automatically. Unfortunately, the tags cannot be reprogrammed using state 
machines or ROM. Typically the active RFID tags use EEPROM whilst 
passive such as back scatter tags typically store their digital codes using 
SRAM. In a large longitudinal study, Stefano et al. (2011) [38] investigated 
a dual band symmetrical UWB-RFID transceiver for high capacity wireless 
NV-Memory application.  
The memory requirements of an RFID tag are affected by the distance 
between the reader antenna and the tag antennas, as well as the transmission 
medium assumed to be described by the air interface standard (ISO – 18000, 
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Class 0, Class 1, Generation1 and Generation2) [39, 40]. Furthermore, Class 
0 and Class 1 is known as the Electronic product code (EPC) tag. Moreover, 
the reader could also write and read Class 0 and Class 1 tag i.e. ISO 18000-
6B. To clarify, EPC Class 1 is Generation 1 and Generation 2 (Gen1 and 
GEN2). Recent evidence [41] demonstrates an improved UHF RFID reader 
can be created based on the reduction of the baseband noise using the 
captured TX signal after filtering. Technically, the frequency plays a pivotal 
role along with the transmission medium for the effective communication 
between tag and reader. Each country is assigned its own frequency 
according to universal standards. Note that the ISO frequency band for UHF 
RFID operations in European countries is (865-868)MHz. In this research, a 
key aim is to carefully match the antennas to free space for this band. The 
detection (read) range may be defined as the maximum distance between the 
reader antenna and tag antenna; in general, this will vary according to 
system configuration [42]: 
• Operating frequency 
• Q-factor of antenna (and tuning circuit) 
• Orientation of the antenna 
• Excitation (current) 
• Coding (modulation) / decoding (demodulation) algorithm 
• Number of data bits and detection algorithm  
• The condition of the electromagnetic environment. 
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In addition to the chip specification, the physical size of the tag, the ability 
of the transceiver to cope with multiple tags and its immunity to 
interference will influence the quality of test and measurement results [43]. 
Figure 2.2 illustrates the real-time environmental factors which should be 
kept in mind. Other factors would include the suitability of dielectrics as 
substrates and construction materials, and shape of the tag. 
 
Figure 2.2:Tags antenna simulations factors 
Figure 2.3 shows the action of the data transfer from the transponder tags. 
In practical terms, the ‘tag’ is an object which can be attached to a target 
thereby allowing the remote ID operation and more abstractly to track state 
changes. 
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The main concepts regarding the anti-collision problem in dense RFID 
networks have been studied by Nikolaos [44]. However, the most significant 
factor affecting passive RFID performance is the fundamental antenna 
design. Reflections from the ground, scattering objects and absorption all 
affect communications performance; scattering and guided wave effects 
from target objects must be taken into account for a successful design 
strategy [44, 45].  
In general, the reader antenna should be as close as possible to the tag 
antennas. However, if all the tags respond to the reader at once then data 
collisions are inevitable leading to interrupted or unsuccessful transmissions 
[46]. However, L. Kang, et al. [47] redesigns Randomly Number (RN) 
generator to make the collided RNs decidable by leaving the collision slots. 
In addition, directly decode the collisions (DDC) reduce the information carried by 
each RN to enable concurrent transmission of multiple tags has been used. Improved 
 
Figure 2.3: Reader antenna communications with tags 
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propagation models, particular for indoor build environments are needed for 
better system performance and model validation. Antennas which are in 
close proximity or close to conducting media will suffer from mutual 
coupling effects which affecting their gain, radiation pattern and 
polarisation state [3, 47]. Preferential, absorber screens may be used to 
mitigate interference but the absorber material (and shape) must be properly 
evaluated.  
The deployment of absorbers or screens may effectively support in reducing 
any interference. Simply put, there should be a comprehensive evaluation of 
the absorber and its materials in order to gain good absorbing properties 
[48]. Having discussed the communication process between the RFID reader 
and RFID tags and all of the expected problems during it and their 
suggested solutions to minimise the negative effect of such problems, the 
RFID tags should be discussed and analysed in details. 
Discussing the concept of RFID tags brings the issues of its components 
comparison of its different types and its characteristics. Regarding the 
actual structure of the RFID tags, there are two main components present in 
it. To begin with, there is a small chip or integrated circuit (IC) where a 
unique identification number (ID) is located. Particularly, this chip plays 
the role of the memory where the information is stored and it is embedded 
in a thin medium film [23, 49]. Significantly, the task of antenna in 
functionalising the chip can never be ignored. In addition, the 
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characteristics of the stored information in the chip whether they are read 
only (Read only), or read and written, with a limit extent a write-once-read-
many (WORM), or with a free one (Read/Write) has an influence on 
improving the performance of the RFID tag. [50] was discussed the 
changing resistance of WORM after exposure to moisture or water. Through 
the study has been found that the WORM suits for operating as a humidity 
sensor at room temperatures owing to it’s sensitivity to high temperatures. 
It is worth mentioning that the power consumption of the IC should be taken 
in to account. If the power consumption of the chip is low, the 
communication range would be longer and vice versa. Another significant 
point that should be taken in consideration is the importance of being aware 
of the impedance of the chip. To make the chip communicate clearly, the 
chip receives power from the reader antenna and responds by varying its 
input impedance and thus modulating the backscattered signal with data. In 
order to achieve optimum operating condition, the reader antenna impedance 
should be match correctly to the chip impedance. As the frequency of the 
chip is very important, it is taken into account when manufacturing chips 
according to the universal standards which shows the specific and suitable 
frequency for each group of countries. For instance, chip seller supplied 
constant values of chip frequency in Europe which is 866.5 MHz. 
Importantly, the chip can never work or function without a suitable attached 
antenna, therefore, a detailed discussion of antenna is needed [7, 51]. 
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Generally, it is commonly known that the aim of tag antenna designer is to 
design an antenna that could increase the maximum detection range of the 
RFID system. The job of the antenna is sending and receiving signals in the 
shape of radio waves. Simply, the RFID antenna is a flat structure 
containing a metallic conductive coil while the chip is less than half a 
millimetre thick. In addition, the type and characteristic of the dielectric is 
a vital factor in improving the performance of the tag. Basically, the chip 
and antenna tags are usually attached to a dielectric substrate that can be 
made of foam, plastic or other materials. Knowing the main components of 
the tag, there are two main types of tags: passive and active [13, 52]. 
However, passive tags are currently the most widely deployed as they are 
the cheap to produce. The research work in this thesis, therefore, is 
concerned with the design concept of passive tag antennas. 
Active and passive RFID tags are two different systems, each with their own 
unique advantages. As explained in Figure 2.4 which shows the power 
recourse differs from an active tag to a passive one. This figure also 
indicates the eligibility of communications access of these types of tags. 
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To begin with, passive tags do not have a unified power source and are 
powered by the signal sent from the RFID reader antenna. In fact, an 
electrical field is induced in the tag antenna due to the incident fields from 
the reader. This field is responsible for generating a small voltage potential 
across the output port of the RFID tag i.e. the input port for the IC chip. 
 
(a) 
(b) 
Figure 2.4: The power transmission mechanism between the RFID reader and RFID 
tag; a) passive tags and b) active tags. 
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This generated power is used by the IC to transmit a signal back to the 
reader in terms of transmitting a modulated signal or encoded identification 
signal.  
Figure 2.4(a) shows clearly that the passive tags are powered by direct 
energy provided by the radiating antenna of the reader. In other words, the 
passive tags can be considered as in a “sleep” state until being awakened by 
the reader’s emitted field. When a passive tag is “wakeup” it will start 
broadcasting its individual EPC. Generally, the ability of the passive tags to 
send the target IDs to longer distance seems to be dependent on the strength 
of the reader antenna power [53]. To sum up the communication process 
between reader and the tags, two main steps can be identified which are:   
• The forward communication where there is a clear direct link from 
the reader to the tags. In such a case, the chip on the tag is powered 
up by the electromagnetic field which the tag received from the 
reader. 
• The backward communication begins from the tags to the reader as a 
backward action. So, signal modulation is achieved by the switching 
between different impedance states and the backscattering field 
strength.  
In contrast, the active tags are commonly powered by an internal battery 
which is small and light-weight. Therefore, such a tag would be always in 
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the active state and ready to communicate as shown in Figure 2.4 (b) in 
which the tag can send signals continuously. The main advantage of such a 
tag is its ability to communicate with every reader at any time and at longer 
distances. However, the lifespan of the used batteries and the possibility of 
being destroyed might be considered as the main disadvantage of such a 
type of tags.  
It is worth mentioning that there is a third type of tags which combine the 
advantages of the two types that previously mentioned above. Such a kind of 
tag is called either semi-passive or semi-active according to whether the tag 
can regenerate the necessary power from the reader or use the additional 
power provided by the combined batteries.  
However, in this research work the active and semi-active tags are not going 
to be considered to avoid the design complexity and the costs of batteries. 
In addition, the possibility of varying batteries characteristics are another 
threat that prevents such type of tags to be used in this research [13].  
Therefore, passive tags seem to be the suitable candidate for RFID 
application to be used in this research. In order to simplify the comparisons 
between the three kinds of tags, Table 2.1 has been presented. 
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Table 2.1:The characteristics of passive, semi-passive / semi-active and active 
RFID tag. 
PASSIVE 
SEMI-PASSIVE/SEMI-
ACTIVE 
ACTIVE 
Powered by reader radio 
frequency field 
 
Powered by a small 
battery (less power 
consumption) 
Powered by a battery 
(need a battery, crystal 
and some external parts) 
Shortest read range 
(usually less than 1m) 
Shorter read range than 
active tag (less than 
10m) 
Longer read range (more 
than 10 m) 
Unlimited lifetime 
Limited lifetime (More 
lifetime than active) 
Limited lifetime (need to 
battery) 
Smallest and lightest Not that big Big 
Cheaper 
 
More expensive than 
passive 
More expensive than 
passive and semi-passive 
Required much higher 
power reader 
Require much higher 
power reader than active 
tag 
Required lower power 
reader than passive and 
semi-passive 
However, reviewing the table contents, it can be easily noticed that passive 
tags seem to be easier to be designed and most suitable choice to be used in 
a different applications owing to the unneeded for the batteries; therefore, 
there won’t have an expiry  date. 
 In fact, the idea of having three different types of tags appears as a result 
of the need of having specific types of tags with specific characteristics 
subject to specific applications. However, as a result of not having a 
continuous power source in the passive tags they have a longer lifespan. 
Therefore, such a characteristic can recommend this type of tag to be the 
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most appropriate one to be used in different investigation in this research,
as examples: in supermarket checkouts and smart cards.
Having so many designs and forms of tags, the most appropriate design
should be chosen according to the target applications. To make it clearer, if
the communication distance is the most essential point to be taken into
account then the active tags would be the most suitable one for such a case.
On the other hand, passive tags would be better in the case of automatic
picking process.
Figure 2.5: Passive RFID tag performance metrics
Figure 2.5 presents the tag performance metrics for passive tags. However,
being aware of the most suitable frequencies that can be used with different
  
distances is essential. For example, if a high rate of fr
the communication d
channel characteristics 
unchanged. At the same time, it should be noted that low frequency (LF) 
and ultra high frequency (UHF) operations of RFID system are
coupling (ex. 125
MHz, 868 MHz, 915
between the reader and the tags occur by using near electric fields or 
magnetic fields, or far field electromag
In order to measure the performance of the designed tags, a simple 
geometrical set up is shown in Figure 2.6. The RFID reader used in 
research has two antennas: one for transmitting the signal to the tags (TX) 
and the other as a receiver (RX). In fact, the detection range can be simply 
known by measuring the distance
antenna location. 
Figure 2.6
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equency is used then
istance will be minimised because of 
and vice versa when the transmitted power 
 kHz, and 13.56 MHz) and far field operation (ex. 433
 MHz, and 2.45 GHz) [14], as the communication 
netic radiation respectively
 (in metres) between the tag and the reader 
: Test setup for detecting range measurements.
 
the effects of the 
 near field 
 
.  
this 
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All measurements have been carried out using the alien technology reader 
ALR-8800 [54]. This reader has been designed to work in the frequency 
range from 865.6 MHz to 867.6 MHz with 5.5dBi gain. The detection range 
is measured and tested for several RFID tags in which the experiments setup 
was done in two different lab environmentally. The theoretical maximum 
detection rang r can be expressed as in following according to Friis 
Transmission Equation [14]: 
   = 	
 ||  (2.1) 
where λ is the wavelength in free space, P t is the transmitted power of a 
reader, G t is the antenna gain of a reader (P tG t is the EIRP of a reader), Gr 
is the antenna gain, P th is the minimal power to activate the RFID tag chip, 
and |s|
2
 is the power reflection coefficient. The coefficient ‘s’ is the input 
return loss and is given by: 
|| =  −  + 
   ! 0 ≤ |$| ≤ 1 (2.2) 
where   =  &' +  ()    and     =  & +  ()  are the impedances of the 
RFID chip and the antenna, respectively.  
The main components of the ALR-8800 are shown in Figure 2.7, they are: 
reader, two reader antennas, software tools, standard 120 VAC power and 
sample tags. To begin with, software tools are simply stored software (Alien 
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demo software) in a CD that can be downloaded in the PC (host) to 
configure the communication between the reader and the computer.  
Such a communication process between the data processing data device and 
reader can be achieved by different ways such as cable or wireless networks. 
Furthermore, after being connected to the PC and assigned an IP address for 
identification process then an automatic connection process can be 
established. However, in the case of not being recognised the MAC address 
can be easily found on the side of the reader or in the CD’s manual. 
Moreover, the used antennas are supported with six metres cable each in 
order to locate them in a suitable position and make communication process 
more flexible. After such a briefly discussion, the advantages and 
disadvantages of RFID system could be addressed as follows. 
 
Figure 2.7: Alien Technology Kit 
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An RFID system has its own advantages including: 
• Having the characteristic of not requiring line of sight communication 
may ease and speed up the process of reading.  
• Being able to read many tags at the same time. 
• Having a fast ability to read that might be up to 1000 tags per second. 
• Having a memory where data can be stored or saved. 
• Being able to read/write operations and could repeat them depending 
on the used memory type.  
• Having a low manufacturing price. 
On the other hand, there are several disadvantages of this technology which 
are: 
• Not having a very strong security base.   
• Encountering difficulties to read when the tag is attached to 
conducting surface, such as metal. 
• High cost of the readers. 
2.3 ANTENNA CHARACTERISTICS AND MEASURMENTS 
Antennas are devices which efficiently transmit and receive radiated 
electromagnetic waves. There are several important antenna characteristics 
 37 
 
which should be considered when selecting or specifying an antenna 
including: 
• Antenna radiation patterns. 
• Transducer power gain. 
• Antenna directivity.  
• Polarisation state. 
Antenna radiation patterns are normally specified in two ways: elevation 
and azimuthal patterns. The elevation pattern is the graph of the energy 
radiated from the antenna in profile and the azimuthal pattern is the graph 
of the energy radiated from the antenna as seen from directly above. The 
power gain is the ratio of the input power to the output power for the 
antenna, whilst the directivity measures the concentration of radiated power 
in a particular direction. The polarisation state encodes the inner orientation 
of the electromagnetic waves far from the source. This research considers 
both linear and circular polarisation states denoted as LP and CP 
respectively. In simple terms possible LP-states are vertical, horizontal and 
oblique radiation whilst CP-states are left handed (LH) or right handed 
states (RH) and are related to the more general elliptic case. It will become 
apparent in subsequent chapters that polarisation will be a significant factor 
for the realization of a properly working antenna and hence RFID sub-
system [55, 56]. Figure 2.8 presents diagrammatically LP and CP antennas. 
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Figure 2.8: Wave polarisation; a) linear polarisation, b) Right circular polarisation 
and c) left circular polarisation. 
CP is generated by the combination of two orthogonal linear polarised 
antennas with equal amplitudes and having 90 degrees phase shift between 
their time signals. The phase shift polarity will define the type of the 
circular polarisation either right or left handed [56]. 
According to the concept of radiation pattern, the academic isotropic 
antenna has a global radiation pattern, but physically do not exist. In 
summary, the radiation pattern of an antenna can be presented in two wave 
forms: these are E-plane (Electric field) and the H-plane (Magnetic field).  
Conceptually, it is useful to think of the tag antenna as an electrically small 
dipole with a gain of≈ 2,-.. In practise, there is little scope for 
improvement without jeopardising the antenna’s Omni-directional property. 
In particular, the directivity gain is a far field quantity which is defined as 
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the ratio of the radiation density in a particular angular direction in space to 
the radiation density of the same power radiated isotropically:  
/Ø, 2 = $345  (2.3) 
where  
Sa=4π power per unit solid angle in direction Ø and θ, and P t== Total 
power radiated by antenna 
Theoretically, antenna gain is defined as the ratio of the radiation density in 
a particular angular direction in space to the total input power to the 
antenna: 
6Ø, 2 =  $347  (2.4) 
where 
Sa=4π power radiated per unit solid angle in direction Ø and θ, and P i= 
Total input power radiated to antenna 
Note, the effective isotropic radiation power (EIRP) is the product of the 
input power to the antenna and its maximum gain. An UHF antenna 
resonates at a unique or particular frequency and is sized carefully 
according to the wavelength of the operating EM wave. 
The return loss is a significant factor of antenna because of its accuracy in 
measuring the reflection waves to and from antennas performance. In 
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practice, the return loss can be affected by several factors such as: size, 
shape, choice and manufacturing of the insulation or dielectric and so forth.  
2.4 TARGET APPLICATIONS  
This research aims to design, implement and operate passive RFID systems 
relevant to different environments and applications. In addition, both the 
RFID tag and reader antennas discussed in this work have been successfully 
shown to produce good simulation and measurement results to use in many 
applications. Seemingly, the applications of RFID system might be 
limitless; some of the target applications of the optimum RFID tag and 
reader antennas have been described below: 
• To provide unique services for delivering more qualified in workflow 
control whether inside a building i.e. enclosed surrounded volume, or 
the movements of the objects  similar to that used in healthcare for 
monitoring patients inside or outside hospitals and transport trucks. 
• Providing comprehensible analyses of the activities of the staff within 
the organization which could be easily account the day work of the 
staff and the extent of work.  For example, such a benefit could be 
noticed in many cases especially in emergency rooms such as 
measuring the flow of doctors and nurses including the time periods 
they spend on dealing with patients or waiting for some conditions 
such as resource conflicting before doing anything. Therefore, 
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bottlenecks might be identified and improvements with high 
parallelism and reducing resource conflicts would be achieved. 
Furthermore, the people who inside the building are very significant 
in case of fire happen. 
• In hospital, providing analyses of patient access services are very 
important. This can be also performed in different cases, such as 
measuring patient flow including the time periods of patients 
spending on each stage of their treatment process such as registration, 
waiting in the room, and waiting in the bed, etc. practically, the RFID 
tags can track their locations and times spent on these locations as 
well as some medical tests. In addition, the patients could be 
monitored in the ambulances and the activities of the elderly at home 
as well as in disaster cases.  
• Easing the way of identifying all different kinds of items in the store 
such as medicines in pharmacies (e.g. bottles or tablets), the 
equipments in science laboratory and so forth. 
• Avoiding missing any other equipments or/and facility in the whole 
building, however, the forgetting of some of the equipments and tools 
used in the operations such as scissors, forceps, cutters and etc inside 
the human body is a serious issue. Therefore, any missing equipment 
would be easily identified. 
• There are things that are in dire need to make sure it accurately from 
the correct material such as the organising and providing the suitable 
kinds of food for different patients. For instance, if a diabetic patient 
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is given a food with a lot of sugar, the reader will start the alarm 
because the container’s ID will not match the one specified for 
diabetic patients.  
• Away from the indoor, such IDs is very helpful in organising the 
parking process. For example, disabled parking places can be easily 
limited to be used by the holders of disabled IDs. Specifically, if a 
person use disabled parking places without having the disabled IDs 
on his/her vehicle, the reader would immediately recognise him/her 
and open the alarm. Actually, there is no need to worry about 
ambulances in such a case because normally ambulances have their 
own parking places in another area (the emergency entrance). 
• Checking the levels of the used containers in the house, hospitals, 
industry and so forth wither they are used for water or/and other 
things by attaching tag sensors for different levels in order to know 
the target levels.  
• In the case of having electrical problems, RFID sensors can used to 
switch between the spare electric generators and batteries, which can 
minimise the time used to start the generator basically because 
batteries will replace these generators and will not need the thirty 
seconds as generators do. 
• For other future applications, RFID systems can be used to help in 
creating capsule cameras, which are very helpful in having a pervious 
knowledge of patients’ conditions by having a complete scan of their 
bodies.  
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• Even sanitation needs passive RFID tag to check and report the 
blocking drainage hole to the control room through GPRS. Precisely, 
the idea of sensor without battery in this case is a great plan. 
 44 
 
2.5 CONCLUSION 
In summary, several perspectives of RFID systems have been discussed and 
investigated in this chapter, in terms their operation definition, components, 
structure and communication strategy. This also includes the advantages and 
disadvantages of RFID technology and their associated applications. In 
addition, the differences between the passive and active tags have been 
addressed in details.  
A brief review on the measurement kits used through this course of research 
work has been presented.  The antenna operation concept and their 
characteristics also have been given.  
To sum up, the issues discussed or/and mentioned in this chapter will be 
tackled in details in the following chapters.   
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CHAPTER THREE 
LINEAR AND CIRCULAR POLARISATION ANTENNA DESIGN 
FOR UHF TAG USING A GENETIC ALGORITHM 
3.1 INTRODUCTION 
Interoperable wireless communications are an everyday reality, 
experiencing dramatic increases in the volume and complexity of data 
traffic. They support applications including mobile internet access, 
healthcare monitoring, generic smart environments, and logistical location 
based operations [2, 16]. Much attention is therefore directed at spectrum 
efficiency and spectrum management, but there is a corresponding drive to 
create robust and functional miniaturised hardware designs. This has a 
special significance for the antenna designer. Radio frequency identification 
(RFID) technologies are a modern outgrowth of the logistical applications. 
It should be understood that the antenna’s orientation is significant in 
achieving the maximum benefits.  In addition, the ground signal radiation is 
often utilised in medium and low frequency designs, therefore, it makes 
sense to use vertical polarisation. In contrast, horizontal polarisation is 
limited because the Earth works as a near ideal conductor at low 
frequencies. In all events, high frequency radiation is strongly affected by 
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antenna polarisation, UHF and VHF frequency ranges are satisfied in both 
polarisations [2, 57]. 
RFID tag efficiency is affected by the position of the tag relative to the 
reader, hence, in order to receive maximum power on the tags, the both 
antenna planes must be considered in parallel with one another. The tag’s 
antenna should be small compared with object size [2, 56], low profile and 
have a simple low cost construction; printed monopole, dipole and folded 
dipole radiators are all suitable candidate types. Miniaturization issues must 
be addressed objectively; meander lines provide an obvious option for 
reduced antenna sizes whilst maintaining suitable bandwidth performance. 
However, there is an eventual trade-off between the size reductions and 
required compensation for the effects of a large resonant (wire) length, 
various types of meander can be considered [40].  
The meander and folded dipole antennas are usually characterised as Omni-
directional; the features and the benefits have been studied and discussed in 
[59]. In addition, the meander antenna has been used frequently in recent 
times, and proved to have the best features and results of the potential 
antennas. Chen [62] argues that the meander-line antenna has been used for 
mobile handsets with simple structure and could be fabricated at low cost. 
Reference [61] proposes a small broadband antenna which composed of 
meander, folded loop and disk loaded monopole model. Elsewhere, Occhizzi 
[62] has use of the meander-line antenna as a strain sensor. However, the 
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flexibility of form depending on the place of installation and the low cost to 
implement are the two important aspects in choosing such a design. 
It is worth pointing out that when creating the tags antenna, it is not 
important to make it on the radiation shape of circular polarisation as the 
reader antennas are already in that radiation shapes. In order to expand the 
use of the tag, the studied antenna in this chapter is considered in both 
linear and circular polarisation.  
Linear polarised (LP) antennas have more power transmitted on a single 
plane compared to circularly polarised ones, therefore, longer read range 
could be obtained on the plane which has been used. In CP-antennas, the 
power is spread equally across the two positions; the tag’s received power 
could be not as much as received from LP-antennas. However, a major 
benefit of using CP-antennas is that the tracking objects do not necessarily 
have to be in a specific orientation. In a variable environment, the CP-
antenna will be the better choice; in contrast the LP-antenna is better when 
position i.e. orientation can be guaranteed [1, 2]. In contrast, an effective 
progress of composite right/left handed spongy wave design for polarisation 
flexible antenna applications has been demonstrated by Dong [63]. 
The feed mechanism is an essential feature for the practical design; this 
chapter will concentrate on obtaining suitably miniaturised tag antennas 
with useful gain characteristics. The issue of feed mechanisms has been 
 48 
 
outlined in the previous chapters and will be reconsidered in following 
chapters along with other design requirements.  
The design strategy adopted here made of a Genetic Algorithm (GA) 
optimisation within an electromagnetic simulation engine. In this case, the 
optimiser is a FORTRAN driver run with the NEC2 source code. 
Furthermore, the simulation and stopping criteria are set to provide a fast 
and reliable parameter set for the candidate structure; these results move in 
some cases been cross validated with commercial EM codes such as HFSS 
and Microwave Studio. Finally, benchmarked results are then created from 
the fabricated antennas and a standard performance is established for each 
prototype [64]. 
3.2 GENETIC ALGORITHM (GA) 
In the recent years, the major advances in design optimisation, particularly 
for complex systems, have been using heuristic methods. Some are based on 
physical analogies such as the Boltzmann machine, i.e. simulated annealing, 
whilst others are based on establishing cooperative or emergent behaviour, 
possibly with an underlying dynamical model such as particle swarm 
optimisers. Here, generic algorithms (GA) have been employed with an 
electromagnetic simulation engine as part of a well established design 
strategy. Practically, GA functions are a global optimisation which operates 
on genes which are binary sequences that define chromosomes. 
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Subsequently, these chromosomes undergo selection, mating and 
modification to reach the final solution of a global minimum [65]. The 
precise details of the simple genetic algorithm might be understood in 
specific terms as a dynamical system which may then be generalised, but 
this detail is not needed for our purposes. In the target work, the GA has 
been successfully used to obtain complex wire and microstrip antenna 
designs. In addition, the NEC2 source code is used for the electromagnetic 
simulation as it is fully accessible and can be easily modified to work with 
the GA optimiser. Several examples of GA aided antenna design might be 
found in the literature [2, 65].  
In [66] the GA method is used successfully for designing a low cost, with 
high performance, focal plane horn array. Coelho [67] presents a chaotic 
approach of differential evolution optimization applied to loudspeaker 
design problem [67]. Furthermore, extensive performance evaluation results 
display that the GA is able to achieve lower Peak Side-lobe Level (PSL) and 
leads to saving on computational efforts of up to 90% compared to the 
previous published work [68]. In mobile communications area, Kim [69] 
presents a high gain wideband resonant type mobile communication base 
station antenna using a GA. 
The GA design strategy which is employed here is summarised by the flow 
chart in Figure 3.1. 
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Figur 3.1:Flow chart of the genetic algorithm used in this study 
Once a candidate configuration is presented, the GA converts the parameters 
into a file which can be called from NEC2. As a result, the sub-sequence 
geometries are fed into the GA engine for analysis versus. the constraints of 
the cost function, and then analysed individually until the most favourable 
design candidate is reached. The computed input impedance of the radiator 
for the 900MHz band is considered within the cost function.  
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3.3 CONFIGURATION OF THE PROPOSED RFID TAG  
A generic planar meander line tag antenna template is shown in Figure 3.2. 
The final tag configuration has been optimised using the GA method for the 
UHF band. Obviously, the design optimisation is aided through a parallel 
meander line arrangement which is used to enhance the bandwidth. 
Figur 3.2:The optimum RFID antenna tag model 
It is clear to observe them there are two parallel meander lines running 
together side by side where they are fed from the centre. In fact, the 
meander lines are used to minimise the antennas’ size. In such a case, the 
assumption of having folded wires affects the antennas’ performance. The 
cost function is targeting a specified return loss for acceptable antenna 
power gain. The time for taken hundreds of generations to reach optimum 
solutions was very encouraging to do more investigation [40].  
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The structure of the optimum tag antenna has been found within the 
maximum generations and the best solutions are listed in Table 3.1. They 
are the GA input parameters in which the possible ranges of parameters 
magnitudes have been shown. There are seven parameters have been used to 
define the proposed tag antenna including matching circuit elements i.e. 
parameters w2 and h2. For this optimisation, the procedure a real-valued of 
GA chromosomes has been used. Besides, the proposed tag antenna has been 
designed with 50Ω input impedance at 900MHz. 
Table 3.1:Summary of GA input parameters, antenna variables and best 
solutions. 
GA parameters 
GA- RFID passive tag antenna 
Parameters(m) 
Optimal 
(m) 
Feeding wire length  (d1) (0.0025-
0.0030) 
0.0025 
No. of population size =4, 
Spacing between wires  (d2) (0.001-
0.003) 
0.00222 
No. of parameters = 7, Outer wire width  (w1) (0.006-0.01) 0.00651 
Probability of mutation 
=0.02, 
Matching wire width  (w2) (0.0015-
0.0055) 
0.00372 
Maximum generation 
=250, 
Outer wire height  (h1) (0.005-0.015) 0.01110 
No. of 
possibilities=32768, 
Matching wire height (h2) (0.001-
0.003) 
0.00214 
 Wire radius (r) (0.0001-0.0002) 0.0002 
The reader antenna has been built in the form of the dipole antenna to 
examine the tag’s antenna communication efficiency; Figure 3.3 presents 
  
the position of the reader antenna (dipole) to 
distance (d) in metre
Figur 3.3:The optimum antenna direction regarding to reader antenna
The current induced on the central segment on the RFID tag (r=0.0005
for λ/2 dipole at 900
53 
the proposed antenna with 
s. 
MHz) has been demonstrated in Table 3.2.
 
 
mm 
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Table 3.2: Comparison of the antenna power received/transmitted in vertical and 
horizontal planes  
 
Horizontal vertical 
(RP) 
normalised to  
mW 
Received 
 power (mW) 
 
Transmitted 
power (mW) 
 
(RP)  
normalised 
to 1 mW 
Received 
power 
(mW) 
Transmitted 
power (mW) 
λ/4 0.2275 0.0010 4.8268 74.600 0.3511 4.7064 
λ/2 0.0451 0.0002 4.8057 31.267 0.1523 4.8710 
λ 0.0113 0.0001 4.8110 9.4411 0.0456 4.8299 
2λ 0.0028 0.0001 4.8127 2.3663 0.0114 4.8176 
3λ 0.0028 0.0001 4.8131 1.1214 0.0054 4.8151 
Pr/P t=Pr(1w)/1 
In addition, the transmitted (TP) and received (RP) power in horizontal and 
vertical planes (λ/4 to 3λ) studied and Table 3.2 presents the results of this 
study. 
It is worth mentioning that the received power of the optimum design in 
horizontal plane has been measured and found to be almost equal to zero as 
shown in Figure 3.4. The maximum power has been obtained in the vertical 
plane which is more than 70mW at 0.5 wavelengths. Clearly, the proposed 
antenna tag is operating as a linear polarisation sensor which can be easily 
deduced from the above table. Precisely, the received power of the antenna 
when it is in the horizontal polarised position is nearly negligible. 
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Figur 3.4: The variation of power received with optimum tag’s antenna wavelength 
in vertical and horizontal position 
From Figure 3.4, it can be clearly proven that the optimum antenna has 
successfully been designed with linear polarisation. In addition, the 
proposed sensor works in cross-polar position with full antenna performance 
whilst in the co-polar plane there is a big mismatch. 
3.3.1 SIMULATION AND MEASURED RESULTS   
After investigating the geometry of the proposed antenna, it is clear that the 
most appropriate dimension (l x w) has been found to be 62mmx22mm. The 
target frequencies have been chosen to work in a UHF band (860-960)MHz. 
For validation, the optimum tag as shown in Figure 3.2 has been designed 
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and simulated on the HFSS software and the results are compared with those 
from the NEC software. Figure 3.5 demonstrates the close agreement in 
terms of the return loss with both software packages predicting a return loss 
of 40dBat 900MHz. In particular the simulated results show that the optimal 
tag antenna has a wide impedance bandwidth with respect to the tag IC 
impedance and enables it to fully cover the allocated UHF frequency band 
for RFID application from 860MHz to 960MHz. At 30dB return loss, the 
simulated bandwidth is 5 MHz, and across the entire frequency range the 
return loss is better than 10dB according to the simulated results. In 
addition, better antenna adaptations have been achieved by increasing the 
bandwidth and reducing the return loss.  
 
Figur 3.5:Comparison of return loss for the optimal RFID tag antenna 
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As it can be noticed in Figure 3.6, the obtained input impedance results for 
both software packages has been examined within the frequency range of 
800MHz to 1000MHz. The simulated input impedance of the optimal tag 
antenna is found to be (12.2+j135)Ω at 900MHz, for both packages.  
 
Figur 3.6:Simulated input impedance of the optimal RFID tag antenna 
The antenna produces two fields when power is radiated to it from the 
reader: the inducting field which is related to storing the power and the 
radiating field which transmits the data back to the reader. The radiation 
field patterns of the proposed tag antenna have been investigated. In 
particular, the radiation patterns of the horizontal and vertical plane at 
900MHz have been studied and the corresponding normalised results are 
displayed in Figure 3.7 and 3.8.  Figure 3.7 demonstrates the radiation 
  
patterns in the z-x 
indicated equally in all directions (Omni
Figur 3.7:Radiation patterns of the prop
at (z-x  
From the above figure
concentrated into an area that looks like a donut (isotropic radiator). In 
addition, the maximum far field  
with around 3MHz
radiated in the vertical plane is perpendicular to the dipole and zero in the 
direction of the ant
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plane at 900MHz and the vertical antenna power has been 
-directional).  
osed GA-optimised tag antenna for 900
plane); ‘      ' measured ѳ and `- - - -' measured
, the optimum tag antenna’s emitt
ѳ has been emission between ± 40 degrees 
. In the other sides, the highest far field at  
enna. 
 
MHz 
 ø 
ed power is 
ø has been 
  
As it can be seen from below figure, 
(z-y) plane is essentially 
is easily to obtain that the 
perpendicular to the floor.
Figur 3.8:Radiation patterns of the proposed GA
at (z-y 
To sum up this section, a novel design for the design and optimisation of 
RFID tag antennas with linear polarisation by use of genetic algorithms has 
been presented. A FORTRAN code genetic algorithm driver was adopted i
this work in conjunction with the industry
source code which 
antenna samples. The results of the optimum designs of the proposed 
antennas exhibit good input impedance matching as req
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below the horizontal antenna radiation 
bidirectional. By turning the antenna 90 degrees, it 
E-field is parallel to the purposed antenna and 
 
-optimised tag antenna for 900
plane); `     ' measured ѳ and `- - - -' measured 
-standard NEC
has been used to evaluate the randomly generated 
 
MHz ø 
n 
-2 FORTRAN 
uired by the RFID 
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IC. In addition, the powered received in vertical and horizontal plane has 
been studied. The presented examples show the capability of the proposed 
program in antenna design using GA and the results are encouraging for 
practical implementation of this tag antenna for UHF RFID applications.  
3.4 CROSS- SHAPE RFID TAG ANTENNA 
Wireless communication technologies are used in a variety of devices of 
varying sizes extending from small hand-held systems to devices installed 
on planes. For high speed data access, these technologies need wide 
bandwidth antennas, but also ideally they should be small size, simple, low-
loss impedance matching and have high transmission performance. Circular 
polarised antennas have many properties that make them a strong candidate 
in wireless applications [2, 70].  
In order to increase the reading range of passive RFID systems, readers and 
tags working in UHF band with highly sensitive signal detection abilities 
can be investigated. As mention previously, the limitation of the reader’s 
transmitted power by the local EIRP regulations has reduced the possibility 
of increasing the radiation power of the reader. Therefore, the choice to 
increase the polarisation efficiency between the tag and the reader antennas 
is a good option to expand the detection rate. In fact, in most RFID 
technology the reader’s antenna works with CP to detect the tag’s antenna 
type. Commonly, mismatch between the tag and reader antennas occurs and 
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the reading range is minimised as a consequence, thus, the CP tag antenna is 
essential to increase the range [2, 71]. 
A novel CP tag antenna (cross-shape model) has been investigated and 
analysed using the genetic optimization algorithm and the geometry 
displayed in Figure 3.9. However, the algorithm has been repeated until 
sufficient new chromosomes have been formed, and an acceptable condition 
is reached, or a predefined number of iterations/generations have occurred. 
The studied method in this section is based on the well-known cross tag 
design and the optimization of the structure and feed point location of the 
CP tag antenna is performed via the genetic optimization algorithm, to reach 
a suitable antenna operation around the resonance frequency. In addition, 
the aim of designing a CP tag antenna is to reduce the mismatch polarisation 
between reader and tags. Therefore, the reading range should be twice that 
of linearly polarised tags. A highly axial ratio (AR) is displayed that shown 
near to the targeted operating frequency 900MHz. The antennas designed by 
this efficient design procedure have been realised experimentally, and the 
simulated results have been compared. In addition, the received power in 
horizontal and vertical planes has been analysed. 
The configuration of the proposed antenna in the NEC-2 model and a total 
view of the complete assembly with the design parameters is presented in 
Figure 3.9. 
  
Figur 3
The photo of the 
3.10. 
Figur 
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.9: The CP tag antenna (cross model) dimensions 
realisation of proposed tag antenna is
3.10: The proposed tag’s antenna prototype
 
 
 shown in Figure 
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Table 3.3 shows the GA input parameters, their restrictions in term of 
allowed ranges and the optimal values for each particular dimension of the 
structure. It has to be mentioned that the weighted coefficient W has been 
found as 0.2mm as fixed value after a few efforts. It has to be mentioned 
that the weighted coefficient W has been found as 0.2mm as fixed value 
after a few efforts and under the maximum number or generation is 1000. 
Table 3.3:Summary of GA input parameters, antenna variables and best 
solutions. 
GA parameters GA-optimised RFID tag antenna with CP 
Parameters (m) Optimal 
(m) 
Antenna wire length 1 (l1) (0.025-0.05) 0.046629 
No. of population size = 
6, 
Antenna wire length 2 (l2) (0.015-0.04) 0.025503 
No. of parameters = 9, Antenna wire length 3 (l3) (0.025-0.05) 0.046038 
Probability of mutation 
=0.02, 
Antenna wire length 4 (l4) (0.0015-
0.0055) 
0.050454 
Maximum generation 
=1000, 
Antenna wire length 5 (l5) (0.001-0.005) 0.004194 
No. of 
possibilities=32768, 
Matching loop distance 1 (d1) (0.0005-
0.001) 
0.000618 
 Matching loop distance 2( d2) (0.0005-
0.001) 
0.000636 
Matching loop distance 3 (d3) (0.001-
0.003) 
0.001200 
Matching loop distance 4 (d4) (0.002-
0.0075) 
0.005826 
Wire radius (r) (fixed) 0.0002 
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Figure 3.11, demonstrates the location and position of the CP antenna tag 
comparing to the dipole antenna which has been used as the reader antenna. 
The horizontal and vertical position of the reader’s antenna with different 
orientations of the proposed tag antenna has been studied. Clearly, from 
Figure 3.11 (a) shows the antenna position when θ is equal to 90
0 
the state 
of the optimum antenna when θ is equal to 0 degrees is shown in Figure 
3.11 (b). The distance between the reader and the tag antennas (d) are 
measured in metres and the tag antenna is also shown in the figure below. 
 
 
(a) (b) 
Figur 3.11: The optimisation setup of proposed antenna tag and reader antenna; 
a) θ = 90
0
, b) θ = 0
0
.  
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The electrical power of the CP RFID tag antenna which is 
received/transmitted in horizontal and vertical plain has been measured and 
shown in Table 3.4. According to the obtained results, the transmitted   and 
received powers in both planes are similar.  
Table 3.4:The optimisation results of the power received/transmitted by the 
optimum tag 
 Horizontal Vertical 
 
(RP) 
normalised 
to 1mW 
Received 
power 
(mW) 
Transmitted 
power 
(mW) 
(RP) 
normalised 
to 1mW 
Received 
power 
(mW) 
Transmitted 
power 
(mW) 
λ/4 68.7470 0.2434 3.5405 76.2650 0.3341 4.3808 
λ/2 0.0244 0.1223 5.0197 30.9120 0.1523 4.9269 
λ 7.6184 0.0366 4.8041 9.4471 0.0456 4.8269 
2λ 1.9029 0.0092 4.8137 2.5321 0.0122 4.8181 
3λ 0.9129 0.0044 4.8088 1.1217 0.0054 4.8140 
Pr/P t=Pr(1w)/1 
These results show that the proposed tag antenna has circular polarised 
properties. In particular, the received powers in co and cross planes have 
been normalised and plotted in Figure 3.12. In addition, the current induced 
on the central segment on the RFID tag (r = 0.0005mm for λ/2 dipole at 
900MHz) has been measured.  
The maximum electrical power received has been found to be about 77mW 
in the horizontal plane and 94mW in the vertical ones at λ wavelength. 
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Figur 3.12: The power received in vertical and horizontal planes for 1W normalised 
input power  
3.4.1 SIMULATION RESULTS 
The configuration of the proposed CP RFID tag antenna, with excellent AR, 
has been found within the maximum generations and the antenna parameters 
of the best design as presented in Table 3.3. For validation, a model of the 
GA-optimised CP RFID antenna tag has been made and tested. The CP RFID 
tag arms are made of copper wires with radius of 0.2mm. The narrow 
bandwidth of the designed antenna bandwidth has been not considered in the 
GA cost function. The optimal antenna appears to have excellent impedance 
matching that covers the bandwidth requirements at 900MHZ band for RFID 
system communications as shown in Figure 3.13. The input impedance has 
been found to be about (10 - j130)Ω at 900MHz. 
  
Figur 3.13: Antenna’s tag input impedance
Figure 3.14 displays the AR simulation of the optimum tag antenna at 
900MHz (less than 1
polarisation. Although small differences are present between the two planes, 
a high AR nearly to one in the surrounding area of 900
tag antenna orientation of the AR (< 0.7
working much in big area as CP
and reader antennas (AR) at the bore
line; the dashed line shows
the axial ratio in vertical and horizontal polari
agreement to each other at 900
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; dashed line: real
imaginary. 
dB), which show an acceptable characteristic of circular 
MHz
dB) is about ± 50
. The polarisation matching between the tag 
-sight (θ = 0
0
) is indicated by solid 
 the matching at the bore-sight (
sation is in fairly close 
MHz. 
 
 and solid line: 
. The proposed 
 
degrees, which is 
θ=90
0
). Clearly, 
  
Figur 3.14: The Axial Ratio of the optimum tag 
According to [72], the minimum polari
maximum ones is 3.54
the stronger linear field component of the circularly polari
correspondently associated with the linearly polari
hand, the maximum polari
component of the circularly polari
polarised wave. 
As can be seen from Figure 3.1
ratio at frequency 900
quite interesting  
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antenna at 900MHz; dashed line: 
AR, φ=90
0
 and Solid line: AR, φ=0
0
.  
sation loss is about 2.54
dB, where the smallest polarisation loss occurs when 
sed wave. On the other 
sation occurs when the weakest linear field 
sed wave is united with the linearly 
5, the proposed antenna has a smallest axial 
MHz band. This shows that the optimum antenna has 
results, as this can be noted, from the powe
 
dB and the 
sed wave is 
a 
r receiving 
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study when the antenna is in a vertical position is nearly the same as when 
it’s in a horizontal polarised position and it’s found nearly to 75mw at 
900MHz. 
 
Figur 3.15: AR in dBs of the proposed CP tag antenna related with frequency in 
900MHz 
The observations verify the greater circular polarised characteristic of the 
proposed optimal design. Figure 3.16 and 3.17 present the radiation pattern 
of the optimal antenna at 900MHz for both polarisations i.e. copular and 
cross-polar. The symmetrical and identical variations have been obtained for 
all the radiation patterns.  
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The results confirm that an axial ratio of less than 5.5dB over ±50° 
elevation angle can be achieved. Therefore, the GA has proven its advantage 
for quickly finding solutions for optional antenna design. 
 
Figur 3.1: The radiation diagram at (z-x ) plane 
Figure 3.16 shows that the proposed design operates as a circular polarised 
antenna in (z-x ) plane when the antenna’s position is about ± 500 within a 
3MHz bandwidth. On the other hand, the circular polarisation occurs in (z-y) 
plane when the antenna’s orientation is about ±45 within a 3MHz bandwidth 
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as clearly seen in Figure 3.17. 
Figur 3.2: The radiation diagram at (z-y) plane 
Novel CP cross –shape has been found to give less than 1dB axial ratio and 
the CP operation can be obtained according to the results when the antenna 
position is between ±450 to ±500 in both plane within a 3MHz bandwidth. 
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3.5  CONCLUSIONS 
In conclusion, this chapter can be considered to be the first step on setting 
the design procedures. The main motivation of the work presented is its 
contribution towards others antenna design features for the coming chapters. 
In brief, the features of GA developed have been a great help in designing 
of the new proposed linear and circular polarised antennas in this chapter. 
Beside this, the HFSS software is used to confirm and compare the gained 
results for these antennas’ configurations. To sum up, both proposed 
antennas have shown good and acceptable radiation performances and thus 
they might be recommended as excellent candidates for tag designs.  
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CHAPTER FOUR 
LINEAR POLARISED RFID TAG SENSORS DESIGN FOR 
UHF BAND 
4.1 INTRODUCTION 
An important requirement for any wireless communication technology is to 
have antennas with high efficiency and excellent overall performance [73]. 
Specifically, antennas by themselves are not intelligent and need some other 
facility to acquire such features. For example, in the RFID systems when the 
chips are amounted on antennas then the passive RFID tags are configured 
and the device becomes “intelligent”. Information may now be obtained and 
transmitted. In particular, the conjugate matching method is used to 
maximise the power transmission between the antenna/IC assembly when 
RFID tags are configured. Generally, the reactance of this chip is commonly 
much smaller than the usual 50Ω [2, 7]. 
RFID tag antennas are usually etched on thin dielectric which is integrated 
onto mounted on or adhered to the relevant surface. Many current designs 
employ materials such as Foam Clad R/F 100 (Arlon) which has a relative 
permittivity close to that of air. Being a foam material this varies slightly 
[74]; tags mounted on metallic targets typically use variants of FR4 [75]. 
These dielectrics are used to support the additional circuitry for the feed 
network and required for testing purposes. 
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Chip mounting to foam materials could be awkward as standard soldering 
operations require good surface contact and temperatures  ≥ 250℃. In 
addition, some foam materials are difficult to cut, or bend due to their 
fragility. A practical solution is to use a good electrical conductivity paste 
(conductive epoxy) for soldering between the chip and antenna tag ports. 
The paste is actually a binary composite of epoxy (bright silver) and 
hardener (gray silver); they need to be mixed with equal density for two 
minutes and then used within eight minutes [76]. 
Most contemporary designs use foam, or composite materials. [77] proposes 
a novel Ψ-shaped microstrip patch antenna providing a wide-impedance 
bandwidth, in addition to acceptable radiation patterns. In [78] a WLAN 
chip antenna has been presented which the antenna is mounted above the 
system ground plane of the mobile terminal cavity by folding a metal plate 
onto a foam base. In [79] a single feed quad-band PIFA is presented with 
some novel features; a foam dielectric substrate is used to provide a rigid 
structure and shielding. USB dongles use an internal antenna fabricated 
from bending a metal plate over a foam base [40]. 
In this chapter, single and double meander-line RFID tag antennas for the 
UHF band 860 − 960@AB have been studied and investigated over specific 
design frequencies that cover the European variant of the band865 −
868@AB. Initial design studies are made using HFSS; the parameter space 
being made up of the obvious structure parameters and data relating to the 
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location of the chip and the geometry of the looping around the chip. The 
geometry is simplified using rectangular lines of the version presented in 
[75]. The measurement kits used in this study are manufactured by Alien 
Corp. [80]; in which the input impedance is 12.2 − j135Ω at 900MHz. In 
order to test the antenna radiation pattern, a balun operating at 900MHz has 
been modeled using advanced design system (ADS) [54] and HFSS [81]. 
Moreover, the measurement of the far-field pattern has been obtained and 
compared with the simulation results. 
4.2 BALUN DESIGN CONSIDERATIONS 
In fact, the balun word is a short word that comes from the combination of 
bal(ance) and un(balance). A balun is employed to convert an unbalanced 
port to balanced port feeding network or vice versa. This device is 
employed for balanced feeding input ports network such as that used for 
dipole and loop antennas, in which a balance feeding current with equal 
amplitudes and have 180 degrees phase difference. The balun also provide 
the basis to exclude the conducting ground from the radiating structures. 
Mathematically, the balun is composed from two 90
0
 phasing lines which 
easily could be calculated from the 180
0
 split [73].In contrast, numerous 
balun structures have been demonstrated for RFID devices application such 
as that reported in [82] in which a robust ultra high frequency near-field 
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RFID reader antenna has been tested; in addition, to [83] that investigated a 
simple shape broadband planar antenna adaptable to RFID tag. 
To assist the balun model and characterization, the ADS software has been 
used to model the performance of the design structure and to achieve the 
optimum dimensions required as observed in Figure 4.1. The layout of the 
initial design then optimised using HFSS to include all possible coupling 
between the transmissions lines used for which a new layout model is 
presented in Figure 4.2. The optimum balun dimensions have been found 
after several attempts as shown in Table 4.1. In contrast, the simulation 
results of the target model i.e. ADS and HFSS have been compared to the 
measured results and have been found with quite reasonable agreement.  
Figure 4.1:Balun circuit is design by ADS software  
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4.2.1 SIMULATION AND MEASURED RESULTS
The balun has been designed to operate at 900
normalised to Z0=50Ω. In. addition, the balun has been simulated using ADS 
77 
Figure 4.2:Layout of the target balun 
Table 4.1:The balun parameters 
a 2.9384 i 16.0469 
b 1.6 j 5.06224 
c 21.7706 k 5.06224 
d 52.0778 l 25.0836 
e 1.9343 m 1.2998 
f 55.815 n 35.433 
g 163.8475 o 28.43 
h 39.5467   
 
MHz and the feeding ports are 
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and HFSS, fabricated in a microstrip and tested. The photograph of the 
optimum balun during the measurement test is shown in Figure 4.3. 
  
Figure 4.3:The photo of the optimum balun design in position of measurement 
The simulated ADS results have been presented in Figure 4.4. In particular, 
the refection coefficient |S11 |, |S22 | and |S33 | have been indicated in Figure 
4.4 (a) and the phase difference between the outputs ports has been 
presented in Figure 4.4 (b). 
  
Figure 4.4:The ADS results 
coefficient |S11 |, |S
79 
(a) 
(b) 
a) the Simulated input and output Refection 
22 |, |S33 | and b) the phase shift between the output ports
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The simulated and measured results in terms of the return loss and insertion 
loss between the three ports are presented in Figures 4.5 and 4.6 
respectively. There were more than 12dB in a return loss was achieved and 
acceptable insertion loss difference around ± 0.05dB at 900MHz. 
In addition, the simulated and the measured of the phase difference between 
the two outputs ports are presented in Figure 4.7. A good agreement can be 
seen over the required bandwidth around 900MHz. The results encourage the 
employ this feeding network to the new designed tags presented in the 
following sections. 
 
Figure 4.5:The Measured and simulated Refection coefficient of the input 
and output parameters result in term of dB 
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Figure 4.6:The simulated and the measured insertion loss coefficients 
 
Figure 4.7:Simulated and measured the phase difference between the two 
output ports  
  
4.3 MEANDER LINE R
In this section, the design and operating principles of a double rectangular 
meander line RFID tag 
minimise the antenna’s size 
Eventually, the most significant metric will be judged in terms of successful 
read/write capabilities, with
literature places emphasis on passive RFID tags even for long detection 
lengths [75].  
The design schematic
Figure 
The antenna is formed from two rectangular parallel folded lines. The 
design frequency is 867
geometric modeller in HFSS is converted int
mask for both prototyping and further circuit analysis in Advanced Design 
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FID TAG (MLRT) – 1
st
are investigated. The design strategy is intended to 
while improving its overall performance. 
 in well defined transmission bounds. The recent 
 is shown in Figure 4.8. 
4.8:Geometry of the proposed RFID tag’s sensor
MHz with a 3MHz bandwidth. The schematic in the 
o a DXF file which defines a 
 DESIGN 
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System software (ADS) [54]. From Figure 4.9 shows a realised candidate 
structure; the structure parameters are listed in Table 4.2 (cross reference 
with Figure 4.8). The lineal dimensions of the prototype are 
63.2mm×19.8mm.  
 
Figure 4.9:RFID tag construction (Antenna, IC and foam dielectric) 
Table 4.2:Antenna dimensions in mm 
a 3.2  e 19.8 h 0.8 
b 19  f 11.5 i 1.2 
c 4.8  g 0.9  j 2.8 
d 63.2     
Tuning the parameter set Ge, f and gN allows the opportunity to study the 
antenna performance in a controlled fashion. This allows design 
optimisations to be introduced in a semi-empirical fashion, incorporating 
lessons learned from the actual realisation. These can be used subsequently 
to seed more detailed HFSS analysis of more realistic structures [81]. 
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4.3.1 SIMULATION AND MEASUED RESULTS 
The input impedance of the prototype antenna has been calculated from the 
image theory and the advantage of the inherent symmetry of the structure 
has been taken. In Figure 4.10, the structure is cut into two parts, one of 
which is mounted over a 60cm×60cm ground plane. The grounded antenna is 
then connected to a fully calibrated Vector Network Analyser (VNA) to 
measure the input impedance. For the operating frequency, the length of 
each side of the ground represents  2O which is acceptable in practical terms. 
The electromagnetic analysis has been cross validated with CST Microwave 
Studio using a transient analysis [84]. 
 
Figure 4.10:RFID tag monopole antenna on a finite conducting ground plane 
(60cmx60 cm). 
The comparative results are visualised in the Smith Chart in Figure 4.11. All 
of the results are in close proximity to one another; the transient analysis 
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input impedance is calculated as 11.2 − j80Ω (CST) and the corresponding 
frequency domain reduced order calculation is 14.4 − j134.8Ω by HFSS 
simulation results. 
 
Figure 4.11:Smith chart of input impedance using HFSS, CST (simulations) and 
analyser signal result (measurement). 
From image theory it can be assumed that the structure operates as a 
monopole over a large square ground plane. Only half the antenna GQN is 
used in this measurement, where each lateral length of the ground plane is 
> 3O in free space. Figure 4.12 shows a return loss peak output from HFSS 
at 867MHz of 34.3dB with an approximate 3MHz bandwidth. In addition, the 
measured|S11 | has been presented and clearly observed from both curves that 
the convergence between them. 
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Figure 4.12:The Measured and simulated Refection coefficient |S11 | for the 
target radiator 
The input impedance for this simulation is given in Figure 4.13; the 
calculated input impedance is 14.3 − j134.8S at 867MHz. 
 
Figure 4.13:  Input impedance versus frequency 
 87 
 
The radiation patterns in the E-plane i.e. the (z-x) plane is given in Figure 
4.14; the optimal performance for the radiator is ±60° in the (z-x) plane with 
a 4MHz frequency range.   
 
Figure 4.14:Normalised radiation pattern (x-z) plane at 867MHz                  
‘000’ simulated co-polarisation and ‘xxx’ simulated cross-polarisation. 
The pattern has a characteristic doughnut shape. The vertical and horizontal 
patterns have also been studied at this frequency. The result is omni-
directional. The H-plane (z-y) result is shown in Figure 4.15. 
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Figure 4.15:Normalised pattern (z-y) plane at 867MHz                                 
‘000’ simulated co-polarisation and ‘xxx’ simulated cross-polarisation. 
This candidate structure has a dipole-like radiation pattern which will be 
present in the implementation of the tag that will operate as a LP-antenna; 
so the RFID reader will be located diametrically opposite. The maximum 
detection range seems to have an upper bound of about 5m when a 
72mm×32mm×2mm foam substrate is used. More detailed analysis of the 
materials composition, notably the solder paste, needs to be incorporated 
into the final design optimisation. 
4.4 MEANDER RFID TAG (DMLRT) - 2nd DESIGN 
The design process is essentially as in the above discussion. The schematic 
is shown in Figure 4.16. The main tuning parameters are GT, UN and the 
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structure parameters are listed in Table 4.3. Variations in the other 
parameters appear to be second order effects. 
 
Figure 4.16: The proposed compact DMLRT antenna (modify of Figure 4.1) 
Table 4.3:List of assumed parameters in mm for Figure 4.9 
a 3.2  e 19.8 i 1.2 
b 19  f 11.5 j 2.8 
c 4.8  g 0.9  k 4.8 
d 63.2 h 0.8 l 14 
Figure 4.17 (a and b) compares the HFSS schematic with a realised 
candidate structure including the dielectric and chip.  
  
(a) (b) 
Figure 4.17:DMLRT antenna; a) A prototype: RFID tag with configured antenna 
and integrated IC, b) HFSS model 
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The actual size of the IC and its enclosure are larger than in the initial 
simulations. However, any major discrepancies between the simulated and 
realised performance will be clarified in the following section.  
4.4.1 SIMULATION AND MEASUED RESULTS 
The HFSS output shows a return loss peak at 867MHz of 39.9dB as shown in 
Figure 4.18.  
 
Figure 4.18:The Refection coefficient |S11 | characteristics of the proposed tag’s 
antenna  
The real and imaginary components of the input impedance have been 
presented in Figure 4.19 and the result being found as (15.4-j136.8)Ω. 
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Figure 4.19:  The input impedance plot 
The approximate characteristic dipole radiation pattern could be seen in 
Figures 4.20 and 4.21 i.e. E-plane and H-plane.  
 
Figure 4.20:Simulated antenna patterns in (z-x ) plane 
‘
    
’ simulated co-polarisation and ‘---’ simulated cross-polarisation   
‘ooo’ measured co-polarisation and ‘xxx’ measured cross-polarisation 
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This is comparable with the previous design. The measurement of the 
detection range gives a range of 4 to 6.5m. 
4.5 DMLRT ANTENNA (INNER LOOP) 
The sample RFID tags coming with the reader kit from the Alien technology company 
have been used to test the tag samples implemented. Noticeably, those 
samples have loops around the chip which seem to improve the chip’s 
ability to be read and written on [73].Therefore, several research papers 
concerning the role of the loop have been read. 
 
Figure 4.21:Radiation pattern of a printed DMLRT antenna (z-y) 
plane 
‘    ’ simulated co-polarisation and ‘---’ simulated cross-polarisation 
‘ooo’ measured co-polarisation and ‘xxx’ measured cross-polarisation 
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• In fact, some of the effects of the loop can be summarised in the 
following points [7-73]. Similar to a transformer, the inner loop 
works as impedance match easing the designer’s job to matching the 
chip to the antenna. 
• The inner loop join point to the antenna can be raised or lowered to 
shift the antenna impedance to the target location on the Smith Chart. 
The antennas impedance level can be changed by making the inner 
loop line thinner or thicker.  
• The inner loop has a DC short circuit resistance which helps to 
remove high voltage discharge, working as electrostatic discharge 
securing the die (chip).Obviously, in Figure 4.22, the parameters (i 
and b) are taken in consideration while designing the loop. 
 
Figure 4.22:Relevant antenna parameters 
In addition, the discussed parameters are shown in Table 4.4. However, the 
dimension of the chip in the antenna is considered to be around 3mm long 
which was found quite acceptable to fit the chip.  
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Table 4.4:Design parameters 
a 9.52mm d 0.9mm g 1mm 
b 9.28mm e 1.4mm h 0.6mm 
c 1.5mm f 2mm i 0.5mm 
Again, Figures 4.23 (a and b) shows the differences between the real design 
and the one designed using HFSS package. 
 
 
(a) (b) 
Figure 4.23:Double line meander antenna; a) Photo of the real design (antenna and 
die), b) simulated design. 
It is worth mentioning that the RFID tag’s size is 72mmx32mmx2mm. 
4.5.1 SIMULATION AND MEASUED RESULTS 
The assumption of the current distribution has been studied within the HFSS 
simulation as shown in Figure 4.24. 
 95 
 
 
Figure 4.24:The simulated electric field distribution of the optimum antenna 
From the simulation results, it has been found that the return loss is 41 dB at 
the frequency range of 867MHz as it can be easily noticed in Figure 4.25. In 
addition, the optimum antenna has 3MHz bandwidth when the return loss is 
38dB at 867MHz. 
 
Figure 4.25:The HFSS simulated and measured Refection coefficient |S11 | of the 
above antenna 
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Commonly, the real and the imaginary input impedance can be presented as 
(15.5-j140.3)Ω as shown in Figure 4.26. 
 
Figure 4.26:The impedance of tip off design 
The simulated directivity patterns results of the optimum RFID tag’s 
antenna in: a) z-x plane, b) z-y plane and c) x-y plane at 900MHz have 
demonstrated in Figure 4.27. 
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(a) 
 
(b) 
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(c) 
Figure 4.27:The simulated directivity patterns results of the optimum RFID tag’s 
antenna in: a) z-x plane, b) z-y plane and c) x-y plane at 900MHZ.  
‘    ’ simulated co-polarisation and ‘----’ simulated cross-polarisation 
‘ooo’ measured co-polarisation and ‘xxx’ measured cross-polarisation 
Similarly, the detection range measurement has been applied using the Alien 
reader and found to be up to six metres. Furthermore, the operational 
efficiency of the RFID tag antenna has been tested when it’s stick on many 
volunteers at various locations on their cloths and bodies. .  
4.6 SINGLE RECTANGULAR MEANDER- LINE RFID TAG 
(SMLRT) -1
st
 DESIGN 
In this section, a single meander rectangular line design with a narrow chip 
place has been presented. However, in this design, this space is one 
millimetre only.  Figure 4.28 demonstrates the shape of the design, the place 
of the chip and some other parameters.  
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Figure 4.28:SMLRT antenna geometry 
For more understanding, those parameters are presented in Table 4.5. It is 
worth mentioning that the line width has been used 0.5mm. 
Table 4.5:Detailed parameter for proposed antenna 
a 28mm d 37mm 
b 0.5mm Chip place 0.5mm x1mm 
c 3mm   
Clearly, Figure 4.29 (a and b) displays the suggested design in reality and 
after being done by HFSS. Noticeably, the space allocated for the chip in 
HFSS design is much smaller to fit the chip in. 
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(a) (b) 
Figure 4.29:SMLRT antenna 1s tdesign; a) Photo of the proposed tag, b) HFSS 
design 
The used foam surface size is 43.5mmx35mmx2mm.  
4.6.1 SIMULATION AND MEASUED RESULTS 
To avoid redundancy, each design has its own simulation results which are 
presented in the same way. As it is clear in Figure 4.30, the return loss 
result is found to be 36dB at the frequency value 867.5MHz.  
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Figure 4.30:Refection coefficient|S11 | in dB 
In addition, the input impedance is found to be (7.6-j139.7) Ω at 867MHz as 
shown in Figure 4.31. 
 
Figure 4.31:Impedance plot of optimum design 
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The (z-x) plane presented in Figure 4.32. 
 
(a) 
 
(b) 
Figure 4.32:Radiation patterns of the antenna, a) x-z plane and b) y-z plane 
‘
___
’ simulated co-polarisation and ‘----’ simulated cross-polarisation 
‘ooo’ measured co-polarisation and ‘xxx’ measured cross-polarisation 
  
Generally, in this design the detection distance is found to be around six 
metres. 
4.7 SMLRT ANTENNA, (WIDER CHIP PLACE
DESIGN 
In this design, the space specified for the
bigger than the previous one. In particular, Figure 4.
parameters. In addition, the optimum antenna tag design has been 
investigated and simulation results have been carefully studied. 
proposed design has been printed in term to implement and the detection 
range has been measured and found to be more than 5 
the results, the optimum tag and the previous design simulation results c
be compared and it can clearly
that much effect on
Figure 
103 
 chip has been modified and made 
33
metre
 be seen that the chip place size 
 the obtained results. 
4.33:SMLRT antenna observation geometry
) – 2
nd
 
 shows the designs 
The 
s. In terms of 
an 
does not have 
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To make it clearer, the design’s parameters are presented in Table 4.6. As 
can be seen from previous figure, (f and g) are the chip place dimensions 
which are 7mmx4mm length. 
Table 4.6:Dimensions of SMLRT antenna 
a 7mm b 4mm 
c 3mm d 37mm 
Chip place 0.5mm x1mm 
Looking at Figure 4.34 (a and b), the substrate dielectric spongy box is 
43.5mmx35mmx2mm.  Through out those two figures, it can be noticed that 
the place of the chip is bigger than the one in the previous design. 
  
(a) (b) 
Figure 4.34:SMLRT antenna 2nd design; a) The original RFID tag with 
setup antenna, b) The Ansoft HFSS design. 
4.7.1SIMULATION AND MEASUED RESULTS 
The sensor’s return loss result is found to be 34.3dB at the frequency 
867MHz. Figure 4.35 depicts that the input impedance is (7.6-j139.7)Ω. 
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Figure 4.35:The impedance of proposed antenna was found to be (7.6-j139.7)Ω. 
As Figure 4.36 indicates that the radiation pattern of (z-x) plane. 
 
Figure 4.36:Polar plot of the radiation pattern (z-x plane)                        
‘000’ simulated co-polarisation and ‘xxx’ simulated cross-polarisation. 
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However, the pattern diagram of the (z-y) plane is displayed in Figure 4.37. 
 
Figure 4.37:Polar plot of the radiation pattern (x-y plane)                            
‘000’ simulated co-polarisation and ‘xxx’ simulated cross-polarisation. 
As can be observed from measurements, the detection range has been 
studied for vertical and horizontal antenna polarisation and is found to be 
between five to seven metres. 
4.8 RECTANGULAR MEANDER LINE RFID TAG (MLRT) 
WITH MULTI-LOOPING AROUND THE CHIP 
The previous designs have been significant regarding the importance of the 
shape of the designs and the allocated places for the chip in determining the 
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detection range. Therefore, the design shown in Figure 4.38 was designed in 
order to overcome such problems. 
 
Figure 4.38:Elementary printed MLRT antenna with multi-looping around the 
chip. 
The parameters of the novel figure are demonstrated in Table 4.7. 
Table 4.7:Parameters of meander antenna with multi looping around chip 
a 1.2mm d 7mm g 18mm 
b 0.8mm e 15mm h 2mm 
c 4mm f 12mm i 18.5mm 
Moreover, Figure 4.39 (a and b) displays the real image of the proposed 
RFID tags and the one done by software. 
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(a) (b) 
Figure 4.39:MLRT antenna with multi loop; a) The framework RFID tag with antenna 
and chip, b) The electromagnetic numerical HFSS software design 
4.8.1SIMULATION AND MEASURED RESULTS 
Further evidence of this model is that the proposed design has been 
investigated by simulation and measurement. To better understand the 
simulation has been performed by HFSS of the return loss curve for the 
RFID tag antenna design, as shown in Figure 4.40 and it is found to be 
29.9dB at frequency 865MHz. 
 109 
 
 
Figure 4.40:Simulated and measured Refection coefficient: modified RFID tag 
with multi loop around the IC 
In the graph bellow, Figure 4.41, the input impedance of the optimal tag 
antenna is found to be (14.3 - j131.5) Ω at 865MHz.  
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Figure 4.41:The impedance plot to meander-line with die looping 
Emphasising the accuracy of the simulated results, the radiation patterns in 
the E-plane (z-x plane) and H-plane (z-y plane) at 865MHz have been 
studied and the corresponding normalised results are presented in Figure 
4.42(a and b). 
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(a) 
 
(b) 
Figure 4.42:MLRT antenna normalised radiation pattern in a) x-z plane and b) x-y 
plane) 
‘    ’ simulated co-polarisation and ‘----’ simulated cross-polarisation 
‘ooo’ measured co-polarisation and ‘xxx’ measured cross-polarisation 
Finally, the design and measured results of the proposed antenna are 
discussed. As stronger as the magnetic field is as the larger the detection 
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range is. After simulation and modelling, it can be observed that the loop 
around the antenna motivates the magnetic field. To conclude, the 
measuring steps are repeated until the results show a maximum reading 
range of more than five metres in the vertical direction.  
Table 4.8 summarises the simulation results of the discussed design, such 
as: return loss, input impedance as well as detection distances. .  
Table 4.8: Summarise of the linear polarisation antenna RFID tag results 
Antenna 
|S11| at 876 
MHz (dB) 
Input 
impedance (Ω) 
Reading 
range (m) 
Figure 4.8 -34.3 14.3 – j134.8 Up to 5 
Figure 4.16 -39.9 15.4 – j136.8 4 to 6.5 
Figure 4.22 -41 15.5 – j 140.3 Up to 6 
Figure 4.28 -36 7.6 – j139.7 Up to 6 
Figure 4.38 -29.9 14.3 –j 131.5 Up to 6 
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4.9 CONCLUSION 
In conclusion, this chapter has discussed and analysed several linear 
polarised of RFID tag antennas throughout several developmental designs. 
Moreover, the effect of the antenna’s shape and size have been optimised 
and the role of the loop rounding the chip as well. Furthermore, a balun 
operating at 900MHz has been designed successfully and fabricated. The 
phase between unbalances ports has been found as 180
0
 with almost equal 
magnitudes at wide bandwidth of 900MHz. 
It is worth mentioning that all tags considered in this chapter are proposed 
for non- conducting surfaces. The simulated and measured results for all the 
target designs have been found in good agreement in terms the return loss 
and radiation performances at 876MHz.The following chapters concerns the 
tag designs attached to conducting objects. 
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CHAPTER FIVE 
RFID TAG ANTENNA MOUNTABLE ON METALLIC 
OBJECTS 
5.1 INTRODUCTION 
RFID tagging technologies are a rapidly becoming a ubiquitous type of 
auto-identification in a variety of applications in logistics, commerce and 
environmental infrastructure. Obviously, this popularity stems from the 
capability to track items and associated information on static or moving 
objects speedily as well as in multiple data types; the typical data transfer 
times could be less than 100 ms [85]. In contrast, RFID strategies might be 
deployed in awkward environments, although practical limitations. Thus far 
commercial and logistic applications have tended to dominate the field, e.g. 
access control (tollgates) and product or component tracking; there is also a 
rapidly developing biomedical applications field [53]. 
RFID methods involve a radio transponder (the ‘tag’) and reader or 
interrogator. The RF antenna can be considerd a key part of the system and 
often presents a serious design challenge as it must have a direct connection 
to the tag’s ASIC (Application Specific Integrated Chip). Moreover, the 
ASIC input impedance always presents a capacitive reactance. In particular, 
it follows that the reactive nature of the tag antenna must be properly 
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realised as the complex conjugate of the ASIC input impedance to enable 
the maximum transmission using the RF power induced from the tag. 
Through analysing the previous antenna designs, microstrip antennas have 
an obvious attraction for such applications. They may be easily constructed 
with the given radiation and polarisation properties and made to work in 
most normal operating environments [87, 89]. This work is concerned with 
overcoming the difficulties of identifying a given passive tag in close 
proximity with metal surfaces. Recent work in this area includes the 
possible use of EBG material [90] and the integration of a tag with 
aluminium foil packaging [91]. 
On the other hand, the RFID frequency range extends into the microwave 
region which has consequences for antenna in maximising the detection 
range of the technology. Moreover, RF signals may be absorbed by liquids 
and reflected by metals; thus constraining the reading distance. Hence, at 
least the material of the objects at the level of the surface on which the tag 
is mounted must be taken into account within the design process. 
Conductive surface mountings are unavoidable in a range of large 
applications and the performance of label style tags are substantially 
affected by metallic objects [88]. This is a major design challenge. 
One of the more important difficulties for passive tags mounted on 
conducting surfaces is the absence of an internal power source as well as the 
RFID communication protocol. In such cases, the radiation pattern, 
 116 
 
efficiency, input impedance and resonant frequency will change. These 
factors will depend on the distance of the antenna from the surface as well 
as the size and the shape of the antenna [85, 90]. Most of the incident 
electromagnetic radiation will reflect from the surface with a 180° phase 
reversal effectively minimising the detection distance (≈50cm) [85]. These 
reflected signals cancel the incident wave and reduce the power needed by 
the tag to excite the RFID chip [53]. RFID tags might be mounted on 
random objects with features which are only partially accounted for some of 
which will directly affect the tag’s reading ability [85]. 
RFID metallic tag configurations have incorporated patch type antennas, 
inverted F-type antennas and so forth which all utilise the action of a 
ground plane structure [90-91]. In this way, [94] reports a slim RFID 
antenna tag design; whilst [95] proposes a UHF band device which makes 
use of an artificial magnetic conductor (AMC) as the ground plane. In [96], 
Griffin et al, propose two useful forms of the radio link budget which 
describe the power link with the tag attached to a target. In this chapter, we 
review some of the design options aimed at overcoming this difficulty; also, 
two novel designs are introduced – the S and T forms. 
An apparently obvious solution to this problem, as mentioned early in this 
chapter, would be to use microstrip antennas. Such antennas could be made 
to work efficiently in a general environment tuning the operating frequency, 
radiation patterns and polarisation states. In addition, they have favourable 
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mechanical features and are easily adhered to conducting surfaces with 
curvature if necessary [47, 97]. 
In summary, the antenna designer frequently has to compensate for the 
proximity of the antenna to awkward materials or environments which will 
have a direct impact on the effective range. Dry goods provide the least 
challenging environment for the designer but in general high permittivity 
media such as liquids and metal are far more problematic [98]. In some RF 
sensors it may be helpful to minimise the width of the radiator, thus limiting 
the contact area with a high dielectric material. Flexible substrates tend to 
be composed of high pressure thermosetting plastic laminates these work 
well in both dry and humid conditions. HFSS is used to investigate a variety 
of possible antenna layouts and is well suited when needed to robustly 
handing inhomogeneous material boundaries. Where necessary the designs 
are normalised to the standard cable impedance of 50Ω, although, the cable 
with impedances of 75Ω or 300Ω might be used in some applications. The 
antennas under discussion in this chapter need to achieve optimal conjugate 
impedance matching with the tag IC input impedance [43, 99]. 
The test structure is built on a 1.6mm FR4-epoxy substrate with dielectric 
properties at 867MHz: VW = 4.6, tan Y∈ = 0.017. The tag antenna has been 
tested using an Alien ALR8800 RFID reader. In particular, the S and T 
RFID tags’ antennas discussed in the sequel are intended to compensate for 
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the presence of metal placement objects and should anticipate degradation 
in available read distances. 
5.2 S-SHAPE RFID TAG ANTENNA  
This section proposes a novel RFID antenna tag design which could be 
mounted on a conducting surface; the basic template for this structure is 
shown in Figure 5.1(a). The antenna consists of an inner spiral line, an outer 
bent line and a double S-matching network. The ideal structure is printed on 
a single-layer substrate with a ground plane. This passive structure receives, 
reinforces and retransmits a back-scattered signal to the reader. 
The target frequency band and RF specification is the European UHF RFID 
band which has a centre frequency of 900MHz and a bandwidth of 3MHz. 
The ASIC selected for this tag IC design is a Higgs IC that has been 
designed to follow the EPCglobal Class-1 Gen-2 specification, therefore, 
the used input impedance is (15 + j140)Ω. Instead of a standard meander 
line antenna, an S-shaped printed line antenna has been designed using the 
FR4-epoxy substrate which has a permittivity of 4.5 and loss tangent of 
0.017 at 900MHz. Moreover, 1.6mm substrate thickness has been employed. 
Consequently, the first cut dimensions have been found from simulation 
using HFSS. Indeed, a candidate structure with principal linear dimensions 
of 32.5mm×19.5mm has been prototyped and illustrated in Figure 5.1(b).  
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(a) (b) 
Figure 5.1:RFID tag antenna for metal surface; a) The original model with Alien 
chip (Higgs-2), (b) antenna prototype with Alien chip (Higgs-2). 
The first cut dimensions for this structure are obtained from HFSS 
parameter studies and a candidate structure with lineal dimensions 
32.5mmx19.5mm has been fabricated as presented in Figure 5.2. 
 
Figure 5.2:RFID tag antenna for metal surface: the proposed (S) Shape antenna’s 
geometry. 
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The optimum structure parameters are presented in Table 5.1. 
Table 5.1:Parameters of the proposed RFID tag’s antenna 
Parameter Value  mm Parameter Value mm 
A 19.5 k 17.5 
B 9 l 8 
C 0.5 m 13 
D 12 n 20 
E 8.5 o 10 
F 13 p 4 
G 0.5 q 7 
H 14.9 r 5 
I 13 s 6 
J 8.5 t 2 
5.2.1 SIMULATION AND RESULTS 
The antenna was connected with the tag IC and preliminary distance 
detection tests were carried out. As a result of the tag radiator input 
impedance is found as (14.3 – j 140.9)Ω at 900MHz which is commonly 
normalised to 50Ω throughout the whole RFID band. In contrast, the 
detection rate has been measured and found is greater than 75cm.   
For comparison, the simulated (HFSS) and measured antenna’s result of the 
amplitude of a reflected wave reflected wave relative to an incident wave 
(reflection coefficients) are visualised and depicted in Figure 5.3. It can be 
seen that the measured results agree well with simulated results. The 
simulated gain performance has been given in Figure 5.4. 
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Figure 5.3:Refection coefficient |S11 | for the optimised design 
As observed from Figure 5.4, the gain factor of such a tag antenna when 
placed on the metallic surface has been presented.  
 
Figure 5.4:Simulated gain of proposed RFID tag’s antenna design 
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The RFID operating distance in the conducting items has been decreased 
compared to the normal working range of tag when its operating on the non-
conducting surfaces. Indeed, the simulated and measured results have been 
obtained and looked closer to each other. The measured directivity patterns, 
in other words the H-plane and E-plane, of the optimum antenna at the 
frequency  = 900@AB are depicted in Figure 5.5. 
 
(a) 
 
(b) 
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(c) 
Figure 5.5:The measured normalised directivity patterns results of the optimum 
RFID tag’s antenna in: a) z-x plane, b) z-y plane and c) x-y plane at 
900MHz.  
‘    ’ measured co-polarisation and ‘‘xxx’ ‘measured cross-polarisation. 
The concept of the current distribution has been computed within the 
simulation as shown in Figure 5.6. It can be seen that the maximum current 
is distributed about the feed point. 
 
Figure 5.6:The concept of the simulated excited surface currents in the tag’s 
antenna at 900MHz. 
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The design of a mountable RFID tag has been presented for UHF 
frequencies and situations where the tag is expected to be in close proximity 
of metallic surfaces. Detailed electromagnetic simulation of the antenna tag 
sub-system indicated an impedance of (14.3 – j140.9)Ω  at 900MHz. The 
detection range is found to be better than 75cm. 
5.3 CONFIGURATION OF T-SHAPE RFID TAG ANTENNA 
This section proposes a second design with the same objectives as above 
and for the same operating frequency. This design is more basic and seems 
to deliver improved results. Once again a first cut design has been generated 
from a parameter study in HFSS from which a candidate structure has been 
fabricated. The basic configuration is given in Figure 5.7 
 
Figure 5.7:The dimensions of metallic T-shape RFID tag antenna 
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The structure parameters are summarised in Table 5.2. The HFSS schematic 
is given in Figure 5.7. The feed point (chip placement) has been generated 
with a 14 − j130S input impedance which is normalised to 50Ω.                  
Table 5.2:The dimensions listed for antenna structure shown in Figure 5.7 
a 43.5mm e 0.25mm 
b 46mm f 7.9mm 
c 8.5mm g 4mm 
d 26mm h 1mm 
The optimum micro-strip antenna tag has been carefully analysed and 
studied and the simulation results have been obtained as in the following 
section. 
5.3.1 SIMULATION AND RESULTS 
The simulated current distribution has been analysed as presented in Figure 
5.8; it is clearly seen that the maximum current is spread closely around the 
floating feeding port. 
 
Figure 5.8:The surface current distribution of the antenna shown in Figure 5.7.  
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The return loss, coupling and radiation pattern of the radiator have been 
measured and the results have been verified to ensure adequate performance. 
As demonstrated in Figure 5.9, the intensity of a reflected wave relative to 
an incident wave i.e. reflection coefficient at 867MHz is -26.9dB. It is worth 
mentioning that the best geometry sizes with a highest reflection coefficient 
at the specified frequency were studied, analysed and tested before the 
optimum RFID tag antenna was implemented. Through the simulations, the 
(e, h and g) lengths have been found that the more influential to the antenna 
properties. From these parameters, the study analyses have been focused on 
their size and the remaining sizes have been kept constant. 
 
Figure 5.9:The reflection coefficient |S11 | for Metallic T-shape RFID tag antenna. 
As is clear from the Figure 5.10 (a) the e-parameter could be used to adjust 
the great antenna efficiency to the specific point of frequency.  
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(a) 
 
(b) 
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(c) 
Figure 5.10:Parametric study of the reflection coefficients |s11 | of the target antenna; 
(a) adjusting in e-parameter, (b) modifying in h-parameter and (c) changing in g-
parameter 
In contrast, the size of the parameter has a direct a peer on to the antenna’s 
performance as well as the sensor bandwidth which can be clearly seen in 
Figure 5.10(b). Furthermore, from Figure 5.10(c) the g-parameter also 
affects the frequency and the bandwidth. 
The optimum radiator gain is presented in Figure 5.11 where it can be seen 
that the highest gain is at 867MHz and around -0.25dBi.  
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Figure 5.11:The measured and simulated gain results of the aimed design 
The input impedance has been demonstrated in Figure 5.12 and found to be 
about 14.9 − j136S at 876MHz. 
 
Figure 5.12:The impedance plot for Metallic T-shape RFID tag antenna. 
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The simulated vs. measured normalised far-field patterns results of the 
target RFID tag antenna in z-x , z-y and x-y planes at 876MHz are presented 
in Figure 5.13 a, b and c respectively. These fields confirmed that the 
antenna preserve the linear polarised omni-directional patterns.  
 
(a) 
 
(b) 
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(c) 
Figure 5.13:The simulated vs. measured normalised radiation patterns results of 
the target RFID tag’s sensor in: a) z-x plane, b) z-y plane and c) x-y plane at 
876MHz. 
‘     ’ simulated co-polarisation, ‘----’ simulated cross-polarisation 
‘oooo’ measured co-polarisation and ‘xxx’ measured cross-polarisation 
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5.4 CONCLUSIONS 
In this chapter two linearly polarised antenna designs for UHF RFID 
application have been investigated in an environment when they are 
mounted on metallic conducting surfaces. The designs of the S and T 
antennas model, although novel, and with improved detection ranges, draw 
heavily on contemporary research literature. Going forward, improved 
simulations and a design strategy are required for this class of antenna. 
Detailed simulation and analysis of the tag antennas have been carried out 
for (867-900)MHz operation. The S-antenna design dimensions have been 
fixed at 32.5mm×9.5mm×1.6mm as well as T- sensor model parameters have 
been found 46mmx43.5mmx1.6mm. From simulation the S and T designs 
input impedance of the target transponder antenna has been found to be 
(14.3-j140.9)Ω  and (10-j135)Ω respectively which have been normalised to 
50Ω; this confirms both antennas could be good candidates for future RFID 
tag sensors. The final designs have tested to identify an object consisting of 
a metal surface, the effective detection has been found to be between 0.7 m 
and 1.5m. 
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CHAPTER SIX 
DESIGN AND OPTIMISATION OF COMPACT HYBRID 
QUADRIFILAR HELICAL-SPIRAL RFID READER’S 
ANTENNA USING GENETIC ALGORITHM 
6.1 INTRODUCTION 
Recently, the RFID devices working on ultra high frequency (UHF) have 
been attracted much attention owing to the ease of the possibility of the 
employment in the wide of applications. It is noted that, however, the RFID 
reader captures a key role in multiple applications of this system through its 
advantages of compactness, simplicity and manoeuvrability i.e. easy to 
move and direct its antenna in a certain direction. A reader (detector) 
commonly consists of a radio frequency form which gives ability to the 
reader’s antenna to work as a transmitter and/or a receiver to send a signal 
to the transponder [12-85]. 
 In the most cases, the detector antenna uses circular polarisation in order to 
overcome the possibility of losing signal polarisation owing to a linear 
polarisation of the tag antenna [101]. Furthermore, the detector creates a 
magnetic oscillating field in the radio frequency range. The transponder 
which forms the real information carrying device of an RFID system 
traditionally has a coupling element and an electronic microchip. Obviously, 
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an RFID tag antenna has been employed as a transponder to integrate with 
the reader antenna within the interrogation area. In practise, load 
modulation utilizing a subcarrier, as well as (sub) harmonics of the reader’s 
transmission frequency band, has been employed to transfer the instruction 
which has been stored in the RFID tag chip to the reader, both were limited 
to the serial number or more size of data. Consequently, the reader might be 
called a controller because it has the ability to transmit instruction from the 
device to the tags as well as receiving information from the tags to the 
device through the reader antenna. A reminder does need to be taken into 
account that there are passive and active RFID tags [85, 100].  
From point of a passive tag antenna must noted to the RFID reader’s 
antenna design should contain some unique characteristics. In detail in case 
of using passive RFID devices, the reader antenna should be designed with 
lower correlation coefficient level as much as possible than in a normal 
communication scheme. In a nutshell, the backscattered wave signal of the 
passive tag antenna is usually rather weak and exposed to collision with the 
strong reflected signal which might be emitted from reader antenna [85]. 
A vast majority of RFID tag antennas are formed as linear polarisation (LP), 
therefore, the reader antennas should be configured as circular polarisation 
(CP) to confirm the smoothing and easing communication between the 
reader and the tag antenna. In other words, the CP antenna can limit the 
signal losses which naturally occur due to the multipath effects among the 
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tags and a reader. On the whole, compact size, light weight and low profile 
with a CP antenna are all important characteristics for the RFID reader 
antenna and the separation between the reader and the tags is very critical 
for the RFID system performance [85]. 
In order to investigate a long detection range, the high gain of the reader 
antenna must be taken into an account especially since the emitter must be 
directed to the tags. Similarly, the near field radiation  is another issue 
which  needs to focused in as it clearly effects the read field length; 
therefore, the RF reader energy often transfers to the passive tags through 
magnetic near field passing via dielectric substances with very little signal 
reduction. From here the detect ability could be measured as the relative 
distance that let the reader recognise the tags. It cannot be forgotten that 
near field devices allow significantly smaller tags compared to ones in far 
field systems. This allows the spread of RFID applications into smaller 
items. Explicitly, in near field applications, the interaction between the 
RFID transponder and the receiver is dependent on inductive coupling [85, 
102].  
It is useful to refer to the impact of the working environment, since the 
RFID system has had failure in recognizing the tags in bad work 
environments which directly affect the signal deployment. 
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In most cases, the readers are able to be interfaced to a PC, robot control 
and so forth through peripherals using RS232, RS485 and other known tools 
which could be used for this purpose. It is worth mentioning that the readers 
have also been equipped with wireless antennas, which might be used to link 
the reader to a host PC [85]. 
In this research, a non-resonant antenna has been created through combining 
a spiral antenna and an axial mode helical antenna which radiates a 
circularly polarised (CP) wave. Due to widespread use of antenna in many 
applications, the design had not consider a number of criteria. These include 
lightweight, small size, simple configuration, low consuming power, ability 
to work across and beyond the whole frequency band of the device and cost 
of implementation.  
It is worth mentioning that the physical size and operating frequency i.e. 
wavelength subject to be change according to vary some measurements such 
as radiation pattern, polarisation, input impedance and so forth. To clarify 
this more, let’s mention an example like if the entire physical antenna 
parameters are increased by a factor of four then the antenna efficiency 
could be kept as a same value if also the operating frequency is increased by 
a factor of four.  
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6.2 SPIRAL ANTENNA 
The spiral antenna can be described in a simple way as a geometrical RF 
antenna design which defines the surface by angles. Moreover, spiral 
antennas can transmit/receive over a wide range of frequencies, therefore, 
may can be classified as frequency independent antenna. In addition, the 
stability and unchanging of the radiation prototype, polarisation and 
impedance in a long large bandwidth has been granted excellence. It is 
worth mentioning that spiral antenna is essentially circularly polarised with 
low gain and an array of spiral antenna can be employed to raise the gain. 
Even in terms of size, the circumvent ring specialty gives a good choice to 
minimise the spiral antenna to achieve an extremely small antenna 
formation. Through access to the target antenna modulations, there are many 
shapes to design such antenna like square spiral, archimedean spiral and star 
spiral [85, 103]. 
The optimum spiral antenna types could be found via changing the number 
of the turns and the spacing among the arm. As for the choice of the 
dielectric, a thick height of the dielectric with low permittivity could be 
replaced with same properties by thin ones with high permittivity in order to 
get lightweight antenna design, but the availability and the cost of material 
tends to be varied along best operational performance.  Indeed, the 
effectiveness of the antenna depends on the shape and the material [103, 
104]. 
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The spiral antennas manoeuvre in three ‘W’ methods which are rapid wave, 
roving wave and spongy or leaky wave. In detail, the travelling wave 
created on the spiral arms normally authorises for broadband completion, 
whereas the rapid or fast wave forms due to the mutual coupling 
phenomenon occurring among the arms, and the power leaks during 
propagation through the spiral arms to fabricate radiation produce leaky 
wave. In other word, the ring or band theory could give a good explanation 
to the spiral antenna working method. The active area i.e. the circumference 
of spiral is the same as the wavelength is the region which the spiral 
antenna theoretically radiate a signal [85]. 
6.3 HELICAL ANTENNA 
A helical antenna is simply defined as an antenna composed of a conducting 
wire wound in the helix form, which is normally mounted over a ground 
surface. In addition, this type of antenna usually has a power source 
connected in middle of the ground plane and the bottom of the helix. As the 
target antenna described in the mode of operation, the helical antenna can 
work in one of two manners: normal method (broadside helix) or axial style 
(end-fire helix) [85].  
To understand more about the broadside helix mode, the parameters of the 
helix i.e. the patch and diameter are significantly small when compared to 
the wavelength. However, electrically this type of antenna radiates a signal 
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likes a short dipole or monopole, and the antenna pattern is likewise similar 
to the omnidirectional shape with the greatest emission at right angles to the 
helix axis. In addition, the radiation forms as a linear polarisation parallel 
to the helix axis [85, 104]. 
In contrast, the helix dimensions of the axial technique are similar to a 
wavelength. Furthermore, the end-fire helix antenna operates as a 
directional sensor giving out a beam off the helix terminals along the 
antenna’s axis. Therefore, this antenna works as circular polarised.  
6.4 DESIGN AND OPTIMISATION OF COMPACT HYBRID 
QUADRIFILAR HELICAL-SPIRAL ANTENNA IN RFID 
APPLICATIONS USING GENETIC ALGORITHM  
Simultaneously, quadrifilar helical antenna (QHA) and quadrifilar spiral 
antenna (QSA) are extremely capable candidates radiators for RFID 
applications owing to the symmetry of their geometry, the features of the 
balanced feeding and their capability to supply circular polarisation in 
excess of a wide angular area [105, 106]. In particular, the QHA, as 
presented Figure 6.1a has the ability to offer an extensive beam width 
prototype controlled to a one hemisphere and a good circular polarisation 
which makes the QHA an attractive and smart selection for non-tracking 
wireless communications and general purpose RFID tag antennas. In 
addition, the target model is essential to realise the necessity of the axial 
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ratio and front to back power ratio. Generally, the axial length of QHA is 
much bigger for definite applications. However, the QSAs are recognised 
for their capability to create an extremely wideband nearly in ideal 
circularly polarised radiation in excess of their occupied treatment section. 
Furthermore, the QSA designs as seen in Figure. 6.1(b) propose a low 
feature profile, in addition to the axial ratio performance and beam width; 
while the surface region is in use by the typical QSA design is also 
increased, as compared with the QHA.  
Modelling compact QHA or QSA antennas for RFID applications has 
attracted many antenna researchers and various studies have already been 
demonstrated. The motivation and purpose which are taken in this chapter, 
is the development of a new type of uses of compact quadrafilar design in 
RFID devices which contains the characteristics of both QHA and QSA. 
Generally to explain the topic, Figure 6.1(c) clearly shows a simplified 
target model i.e. compact hybrid quadrifilar helical-spiral antenna 
(HQHSA).  Obviously, the intended form is composed from both QSA and 
QHA. It is worth mentioning, the alimentation of the QSA from the external 
periphery is planned to avert the complexity and gap needs of centre feed; 
the QSA could be fed by externally coaxial cables. Consequently, the initial 
segments of the QHA is straight connected from the release end of the QSA 
and then generated vertically beside the QSA surface scheme. This devise is 
expected to decrease the axial length of the QHA as well as to minimise the 
 141 
 
surface region of the QSA while maintaining a good axial ratio beam width 
coverage and power gain.  
6.4.1 ANTENNA DESIGN USING GA  
The formation and optimisation of the target compact hybrid quadrifilar 
helical-spiral antennas is created using genetic algorithms (GA). The GA is 
an optimisation tool that generates a random code for searching purposes 
that tests a fitness functions and in return a test procedure is applied for 
selection the optimum solution (i.e., meeting target antenna design 
specifications); and this will continue until reaching the maximum 
generation [107]. An approach of using GA in conjunction with an 
electromagnetic simulator has been introduced for antenna designs [108, 
109]. For example, GA was applied to design wire antennas and microstrip 
antennas. The benefit of applying GA is that they provide fast, accurate and 
reliable solutions for antenna structures [110, 111].  
The Genetic Algorithm driver [112], written in FORTRAN has been adopted 
in this work in conjunction with the industry-standard NEC2 Fortran source 
code [113] which was used to evaluate the randomly generated antenna 
samples. For comparison purpose, the proposed HQHSA together with a 
typical QHA and QSA were studied for optimisation with GA. In this 
instance, real-valued GA chromosomes have been used. Antenna parameters 
such as the VSWR and axial ratio (AR) are optimised at 900MHz operating 
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frequency of RFID system. Each antenna sample was computed using NEC2 
source code and its results were compared with desired fitness using the 
following cost function ‘F’:  
\ = ] × _ 1`$]&a + ] × b& 6.1 
where, 
`$]& = 1 + |c| 6.2 
c = |7d − 50/7d + 50| 6.3 
VSWR is the voltage standing wave ratio, AR is the axial ratio, Zin  is the 
input impedance, Γ is the reflection coefficient and W1 and W2 are the 
weighting coefficients. The objective was to maximise F. The GA was 
applied using the following procedure: The GA randomly chooses the initial 
population and then converts each antenna configuration to a file which can 
be read by NEC2. The NEC2 program is executed and the results will be fed 
back to GA for the evaluation process. This will continue till GA converges 
to an optimum solution.  
In addition, the overall parameters of the optimal RFID reader antenna of 
HQHSA demonstrates the effectiveness of size reduction using this 
proposed antenna configuration where approximately 30% of size reduction 
of the axial length is achieved; as compare to the one of the optimal QHA 
design (see Table 6.1); whereas, it also offers more compact design in terms 
of the spiral surface area over a typical QSA.  
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(a) (b) 
 
(c) 
Figure 6.1:Antenna configurations studied. (a) QHA, (b) QSA and (c) HQHSA 
In figure 6.1, the HQHSA is clearly shown in the stages of designing and 
the four feeding point (red colour) has been taken place on the bottom to 
feed the antenna. In this design, a GA is employed to create and optimise 
the desired HQHSA for RFID application. In order to validate and compare 
the performance of the proposed design, a typical QHA and QSA are also 
optimised using GA as two reference designs. The GA input parameters, 
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antenna variables and best solutions for each one of the designs are 
summarised and listed in Table 6.1.  
Table 6.1:Summary of GA input parameters, antenna variables and best solutions 
for QHA, QSA and HQHSA. 
GA parameters QHA Design QSA Design HQHSA Design 
Parameter
s 
(m) 
Optimu
m values 
(m) 
Parameter
s 
(m) 
Optimu
m values 
(m) 
Parameter
s 
(m) 
Optimu
m values 
(m) 
Number of 
 population size = 
8 
Pitch 
distance  
(0.015-
0.025) 
0.01946 No of 
turns  
(1-2.5) 
2.0768 Pitch 
distance  
(0.01-
0.02) 
0.01982 
Number of  
Parameters 
3; 4;6 
Axial 
length   
(0.3-0.5) 
0.03496 Spacing 
between 
turns  
(0.003-
0.007) 
0.00482 Axial 
length  
(0.02-
0.03) 
0.02497 
Probability of 
 mutation =0.02 
Radius of 
helix 
(0.015-
0.035) 
0.02270 Inner 
radius  
(0.01-
0.02) 
0.01850 Radius of 
helix/ 
Inner 
radius of 
spiral 
(0.01-
0.02) 
0.01891 
Maximum  
generation =300  
- - Outer 
radius 
(0.02-
0.035) 
0.02930 Outer 
radius of 
spiral 
(0.02-
0.03) 
0.02266 
Number of  
possibilities=3276
8 
- - - - Spacing 
between 
turns  
0.001 
- - - - - No of 
turns 
0.5 
- Radius of 
wires 
Distance 
above 
ground 
0.0005 
0.01 
Radius of 
wires 
Distance 
above 
ground 
0.0005 
0.01 
Radius of 
wires 
Distance 
above 
ground 
0.0005 
0.01 
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Table 6.2:Comparison of the target reader antenna performance of HQHSA, QHA 
and QSA 
 6dB/8dB Bandwidth 
(MHz) 
Axial Ratio angle 
coverage (Degree) 
Target antenna total 
gain (dBi) 
HQHSA 40/20 170 7.3 
QHA 70/50 175 7.5 
QSA 70/40 120 8 
6.4.2 RESULTS AND DISCUSSION 
Configurations of optimal proposed HQHSA antenna with excellent VSWR 
and AR has been investigated within the maximum generations; antenna 
dimensions of the best designs are shown in Table 6.1.  
  
(a) (b) 
 
(c) 
Figure 6.2:HFSS model of the GA-optimised final antenna; (a) Ground plan, (b) 
side view and (c) top view with wider open on the top 
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To verify the GA-optimised design, performance of this optimal antenna has 
been characterised using commercial full-wave Electromagnetic software. In 
this study, Ansoft HFSS (based on finite element method) is considered to 
cross validate the behaviour of this antenna, as Figure 6.2 presents, where a 
finite ground plane with dimension of 60mmx60mm is considered, the side 
view and the top view which shown how the antenna is wider at the top end. 
The reflection coefficients have been studied in Figure 6.3 and get it nearly 
to -18dB at 900MHz. 
 
Figure 6.3:The reflection coefficients of the target design 
The VSWR at the input ports of the proposed circularly-polarised antenna 
were calculated and compared at the RFID system frequency. Their 
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corresponding results are presented in Figure 6.4. As can be seen, the 
optimal antenna appears to have excellent impedance matching that covers 
the bandwidth requirements for RFID device communications. However, the 
antenna resonant frequency shifted slightly from the design frequency of 
900MHz. This may be due to the fact of the size of finite ground plane 
considered in this study. Generally, both the simulated results are in fairly 
good agreement. 
 
Figure 6.4:Computed VSWR from HFSS and CST software. 
Figure 6.5 illustrates the axial ratio of the proposed antenna against the 
elevation angle θ at 900MHz for two vertical planes at constant Ф = 0° and 
Ф= 90°. The proposed antenna shows approximately ± 90° elevation angle 
variations for an axial ratio less than 2 dB. The observations confirm the 
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superior circular-polarised characteristic for the proposed antenna over a 
wide elevation angle. 
 
Figure 6.5:Axial ratios in dB against the elevation angles at 900 MHz at two 
vertical cuts: Ф = 0° and Ф = 90°. 
Figure 6.6 (a and b) depicts the far field patterns of the proposed antenna at 
900MHz for two planes similar to those plotted for the AR. As can be 
observed, symmetrical and identical variations were obtained for all the 
radiation patterns. The maximum gain of the antenna is found to be around 
7dBi. 
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(a) 
 
(b) 
Figure 6.6:Simulated gain radiation patterns of the proposed antenna for two 
vertical planes; (a) Ф = 0° and (b) Ф=90°, where solid line presents left handed 
circular polarisation and dash line is for right handed circular polarisation. 
‘ooo’ simulated co-polarisation and ‘xxx’ simulated cross-polarisation. 
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6.5 CONCLUSIONS 
A novel circularly polarised antenna called as HQHSA is proposed. 
Modeling, design and optimization of this circularly-polarised hybrid 
quadrifilar helical-spiral antenna using Genetic Algorithms, operated for 
RFID reader applications have been demonstrated and discussed. The 
performance of the best selected antenna structure has been validated and 
compared via two different commercial EM simulators. The results confirm 
that an axial ratio of less than 2dB near ± 90° elevation angle at the antenna 
resonant frequency could be achieved with satisfactory 7dBi power gain. It 
is worth noted that the present designs proved to have better radiation 
performances than the manufacture product, apart from achieving small 
antenna size. The GA has provided its advantage in quickly finding 
solutions for antenna designs.  
  
 151 
 
CHAPTER SEVEN 
INTERACTION BETWEEN ELECTROMAGNETIC (EM) 
FIELD AND HUMAN BODY FOR RFID TAG ANTENNAS 
VIA HYBRID COMPUTATIONAL METHOD  
 
7.1 THEORETICAL CONCEPTS 
7.1.1 INTRODUCTION  
Day by day the finite elements methods (FEM) have been widely utilised to 
design open and closed domain electromagnetic problems in scalar model in 
two and three dimensions (2 & 3D). Moreover, FEM has been employed to 
design a large category of problems by analysing up the computational field 
into elements of easy forms. In contrast, the function’s form must be 
chosen; therefore, specific computer programs can be built using the basic 
functions to solve complex geometries. It should mention of that the 
elements selection needs to be carefully clarified to guarantee there is a 
solution for the discussion problems [3, 114]. 
Nevertheless, the proper energy of the FEM has been discovered in 3D 
volume shapes when complexity has been found when using the surface 
based integral equation methods with material and structural 
inhomogeneities.  
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It is clearly shown that the restriction of the numerically accurate 
mechanisms, nonetheless, is their capability to find a solution of huge 
problems that place a big load on the Central Processing Unit (CPU) 
memory as well as time [7]. There are numerous of electromagnetic 
engineering problems could be expressed and solved by partial differential 
equations (PDE). In contrast, the analytical methods could be used to solve 
a couple of the practical geometries [7]. 
An electromagnetic wave propagating is affected by the medium properties 
in which the waves are travelling in different speeds compared to the free 
space light speed. These changes must be taken into the account before 
deciding the required minimum time step. In addition, to diffuse a space of 
one cell needs a least amount time of ∆t = ∆χ fg⁄ . Moreover, the propagation 
needs to allow in the diagonal direction in case of 2
th
D simulation has been 
needed to obtain ∆t = ∆χ √2fg⁄ . Compared to that, 3 thD simulation 
requires ∆t = ∆χ √3fg⁄ .Unless otherwise specified, throughout this report 
has been determined ∆t by (7.1): 
jk =  Δχ3. fg (7.1) 
In fact, 3D simulation is complicated owing to the need to use all vector 
fields as well as all points is in three magnitudes [3, 115, 116]. The Yee cell 
as presented in Figure 7.1 has been demonstrated by Kane Yee which clearly 
shown that the differential and integral of Maxwell’s equations have been 
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applied in form of geometric relationship of the specific sampling of the 
vector components of the electric (charged) E and magnetic (attractive) field 
H. 
 
Figure 7.1:Yee Grid 2D 
7.1.2 MAXWELL’S EQUATIONS IN 3D 
Faraday Ampere and Gauss laws for electric and magnetic field as 
introduced in equation (7.2), (7.3), (7.4) and (7.5) respectively could be 
used to express the time (t) depending to the Maxwell’s equations in term of 
differential and integral structure, imaginary, that no electrical or magnetic 
exporters in this part of area but could be contain a body which attract 
electric or magnetic field power [117, 118].  
n-opnk =  −q × op  − rps (7.2) 
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n/opnk =  −q × Aop  − rpt (7.3) q × /op  = 0 (7.4) 
q × -op  = 0 (7.5) 
where, → is a sign of vector, E is the electric field (V/m = N/C), D is the 
electric flux density (C/u = N/Vm), H is the magnetic field (A/m), B is the 
magnetic flux density (Wb/u), rt is the electric conduction current density 
(A/u) and  rs is the equivalent magnetic conduction current density 
(V/u).  
In case of using linear emitting materials, the relation between B to H also 
D to E could be simplified as presented in below equations (7.6) and (7.7): 
-op  =  μAop 
/op  =  wop 
(7.6) 
(7.7) 
Throughout these equations, the term µ will be used to refer to the magnetic 
permeability (H/m = N/b) and w will refer to the electric permittivity (F/m). 
In such case, the characteristics of used materials are having field–
independent– direction-independent and frequency-independent electric and 
magnetic. However, the possibility of losing the electric and magnetic 
which might form electromagnetic field in the substance surface so that they 
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appear in a type of heat energy. In particular, the corresponding attracted 
current to relate for the magnetic loss mechanisms has been defined in the 
equation (7.8) [117-119].   
rps  =  x́ × Aop (7.8) 
where x́ is an equivalent magnetic resistivity (Ω/m) 
In addition, the equal electric current to account for the electric loss 
mechanisms can be found by the equation (7.9). 
rpt =  z ×  op (7.9) 
where z is the electric conductivity (S/m) 
If - and rs are exchanged in equation (7.6), the below equations (7.10a) and 
(7.10b) can be defined as: 
nμAopnk =  −q × op  − x́Aop (7.10a) nAopnk =  1μ × q × op − x́ Aop (7.10b) 
If / and rt are replaced in equation (7.7), then the new form of equation will 
be:  
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nwoooopnk =  −q × Aop  − zop 
nopnk =  1w × q × Aop − zop 
(7.11a) 
(7.11b) 
Equations (7.10b) and (7.11b) can be written as the vector components of 
the curl operator to proceed in the next group of six associated  numerical 
equations to Maxwell’s curl equations in 3D, rectangular synchronise 
structure ({, | and }). Specifically, equations (7.12) and (7.13) are 
assimilated as the foundation of the finite-difference time-domain (FDTD) 
statistical algorithm of the common 3D items relation with electromagnetic 
waves. 
nA~nk =  1μ × nn}  − n}n − x́ A~ (7.12a) 
nAnk =  1μ × n}n~  − n~n} − x́ A (7.12b) 
nA}nk =  1μ × n~n  − nn~ − x́ A} (7.12c) 
n~nk =  1w  nA}n  − nAn}  − z ~ (7.13a) 
nnk =  1w ×  nA~n}  − nA}n~  − z  (7.13b) 
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        (7.13c) 
One of the many advantages of the FDTD design method is that it  can be 
used to model complex substances. Moreover, it has a capability to gain 
wideband outcomes via passing excitation comparing to the other numerical 
mechanisms. 
In fact, there is only one locative parameter for a certain point in Yee space 
network as demonstrated by Yee in Figure 7.2. 
 
Figure 7.2:The Yee space network shows the direction of a range of field 
components; the electric field intensity (E) components are in the  centre and 
magnetic induction field (H) components are in the middle of the faces  
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In particular, ., ( 3, T have been used to identify the position of each 
point. The follow equation (7.14) gives more clarification. 
., (, T = .j{, (j|, TjB (7.14)  
From this equation, note that ., ( 3, T are integers; as for j{, j|, 3, jB  
are the lattice space enhancements in the {, | 3, B  depending on the 
distance and direction of the point movement. For instance, if the point 
moves with distance U in direction of { axis then the new location of this 
point would be . + U, ( 3, T. In such case, if assumption that q stands for 
space and time estimated at a separate point in the web as well as discrete 
point in time as represent in equation (7.15). 
.j{, (j|, TjB, jk = 7,,d  (7.15)  
Where  is an integer and jk is the time change is assumed uniform in 
excess of the observation time. 
To clarify the Yee algorithm more, an example of one dimension (1D) 
space-time chart viewing middle differences for the space derivatives and 
leaping in excess of the time derivatives is introduced in Figure 7.3.  
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Figure 7.3:Example of one dimensional space time plan of the Yee algorithm; 
n is the time step and k signifies electric field node numbers 
The cantered finite difference has been employed by Yee to demonstrate the 
space as well as time derivatives. Overall, it has indicated simply 
programmed and second order accurate in the area and time period 
additions. If assumed that his style of idiom for the fractional space 
derivative of   in the -path which estimated at the constant time  
then the build equation is in (7.16). 
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nun| .j{, (j|, TjB, jk
= u7,, 
d − u7,,dj| + [j|] 
(7.16)  
Clearly this equation shows a space finite difference over ±1/2j| with 
increasing ±1/2 in the ( subscript (|-coordinate) of u. To further clarify the 
following example (7.17) shows the effect of increasing ±2 in the i 
subscript ({-coordiante) of u, denoting a space finite difference over ±2j{. 
nun{ .j{, (j|, TjB, jk
= u7,, d − u7,,dj{ + [j{] 
(7.17)  
In addition to that, the Yee term for the initial time partial derivative of u, 
demonstrated at the set space point ., (, T, is given in equation (7.18). 
nunk .j{, (j|, TjB, jk = u7,, 
d/ − u7,,d/jk + [jk (7.18)  
It must be pointed out that the ±1/2 increment happens in the  evaluate 
(time coordinate) of u, represents the amount of a time finite difference 
over ±1/2jk. Precisely, this information has been selected by Yee owing to 
realise a leapfrog algorithm in line with his Aop and op components in time at 
intervals of 1/2jk. 
 161 
 
7.1.3 3D FINITE DIFFERENCE REPRESENTATIONS FOR 
MAXWELL’S EQUATIONS  
In this stage, 3D finite difference could be phrased as a mathematical 
estimate of Maxwell’s curl equations which have been discussed in 
equations (7.12) and (7.13). Consequently, equation (7.11b) and (7.12b) 
also must be taken into account. In order to simplify the idea more, instead 
of nA{, nA| 3, nAB as well as n{, n| 3, nB will compensate similar to 
(7.19) [117-119]: 
nA{nk = A~|7,,
d/ − A~|7,,d/jk  (7.19)  
The same technique applies to the entire previous mentioned factor. Here 
should be addressed to the important issue which is A~ at time step  is not 
expected to be stored in the computer’s memory. However,  − 1/2 is 
supposed to be stored in PC’s memory. Therefore, a method known as a 
semi-implicit estimate can be employed to solve this problem as indicated in 
equation (7.20). 
A~|7,,d = A~|7,,d/ + A~|7,,d/2  (7.20)  
To driven the calculations, the following equation (7.21) illustrates clearly 
how to obtain the accurate equation for this issue. 
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A~|7,,d/ − A~|7,,d/jk
= 1μ7,, ×


|7,,
d − |7,,djB −|7,,d − |7,,dj| −x́7,, × A~|7,,d 

 
(7.21)  
In the case of comparing between the two parties of the equation (7.21), 
note that all  magnitudes and A magnetic field occurrence because of the 
magnetic loss x́ are estimated at time step′′. Just on a reminder, A~ is only 
imagined to be stored in the computer’s memory at time step − 1/2. 
Therefore, equation (7.22) A~ at time step  has been estimated (semi-
implicit). 
A~|7,,d/ − A~|7,,d/
= jkμ7,,
×




|7,,d − |7,,djB −|7,,d − |7,,dj| −
x́7,, × A~|7,,d/ + A~|7,,d/2 



 
(7.22)  
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Through this equation, in case of leaving this value A~|7,,d/ on the left side 
same as it is and move this amount A~|7,,d/  to the right direction; also 
taking this rate 
5 ́,,,,  as a common factor between them, then the new 
equation obtained is shown in equation (7.23).  
A~|7,,d + jk x́7,,2μ7,,
= A~|7,,d − jk x́7,,2μ7,,
+ jkμ7,,


|7,,d − |7,,djB −|7,,d − |7,,dj| 
 
(7.23)  
Through the apportionment of both parties to 1 + 5 ́,,,, , the needed 
specific time stepping link for A~|7,,d/ is shown in equation (7.24). 
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A~|7,,d/
= A~|7,,d/ 
1 −
jk x́7,,2μ7,,
1 + jk x́7,,2μ7,, 

+

 jkμ7,,1 + jk x́7,,2μ7,, 



|7,,d − |7,,djB −|7,,d − |7,,dj| 
 
(7.24)  
Equations (7.25) and (7.26) show that the same way can be used to calculate 
the finite difference statements on the basis of Yee’s algorithm for A and 
A signal specified by Maxwell’s rules. 
A|7,,d/
= A|7,,d/ 
1 −
jk x́7,,2μ7,,
1 + jk x́7,,2μ7,, 

+

 jkμ7,,1 + jk x́7,,2μ7,, 



|7,,d − |7,,dj{ −~|7,,d − ~|7,,djB 
 
(7.25)  
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A|7,,d/
= A|7,,d/ 
1 −
jk x́7,,2μ7,,
1 + jk x́7,,2μ7,, 

+

 jkμ7,,1 + jk x́7,,2μ7,, 



~|7,,d − ~|7,,dj| −|7,,d − |7,,dj{ 
 
(7.26)  
In a comparable style, ~,  and  have been found in equation (7.27), 
(7.28) and (7.29). But for this case, zd/ indicates the loss term on the 
right side of every equation. 
~|7,,d
= ~|7,,d 
1 −
jk z7,,2w7,,
1 + jk z7,,2w7,, 

+

 jkw7,,1 − jk z7,,2w7,, 



A|7,,
d/ − A|7,,d/j| −A|7,,d/ − A|7,,d/jB 


 
(7.27)  
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|7,,d
= |7,,d 
1 −
jk z7,,2w7,,
1 + jk z7,,2w7,, 

+

 jkw7,,1 − jk z7,,2w7,, 



A~|7,,d/ − A~|7,,d/jB −A|7,,d/ − A|7,,d/j{ 
 
(7.28)  
|7,,d
= |7,,d 
1 −
jk z7,,2w7,,
1 + jk z7,,2w7,, 

+

 jkw7,,1 − jk z7,,2w7,, 



 A|7,,
d − A|7,,
d
j{
− A~|7,,
d/ − A~|7,,d/j| 


 
(7.29)  
In 1982, the total and scattered field modulations have been recorded in the 
science history [3]. In particular, the simulation’s result of sinusoidal stable 
condition has been recorded by a lot of experiences to recognise a compact 
signal exporter. Obviously, the widespread FDTD scattering software 
package has been used this formularization up to now. Actually, this logic 
has been determined on the linearity of Maxwell’s rule as well as corruption 
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of the magnetic and electric fields. The following equations (7.30) and 
(7.31) give a clear conception about it. 
Aop55 = Aop7d + Aop5 (7.30)  
op55 = op7d + op5 (7.31)  
Ideally, the amount of the incident wave fields Aop7d and op7d could be 
considered as a known value at whole space points and time steps of the 
FDTD lattice. On the other hand,  Aop5 and op5 are unknown value of the 
scattered signal fields which outcome from the reaction of the incident wave 
with any items in the network. 
The solution of 3D structure problems in electromagnetic are just one of the 
trouble that FMs could be functional to. Meanwhile, because of the 
impossibility to expand mesh of the computational domain to infinity, the 
boundary condition should be applied to simulate the effect of the infinite 
domain. On the other hand, the vector absorbing boundary conditions 
(ABCs) could be used to solve the radiation and scattering problems for 3D 
models. Here, it should be addressed that the ABC is normally employed to 
resection the computational area, especially when the Yee algorithm could 
not be used to update the tangential components of the exciting filed beside 
the surface boundary of the computational field [3-7].  
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In application after application, ABCs are very important into the problem 
space to carry on departing E and H fields as well as prevent them from 
reflecting back. In the essential statement of the FDTD method, the 
surrounding H values are being required to calculate the E field. The 
concept of employing ABCs material has been found, though, these 
materials did not afford enough small of boundary reflection. In particular, 
this is because of the substance boundary impedance has been corresponded 
to free space impedance at standard occurrence. While, much research was 
done to modify these materials, a perfectly matched layer (PML) method has 
been found by Berenger in 1994. In fact, PML has been used as a substance 
absorber; therefore, it has been indicated to supply much preferable 
exactness than mainly other ABCs [3, 114, 120]. 
Berenger assumed a “split-field” addition of Maxwell’s equations that 
confirms the electromagnetic signal phase rate inside the PML area is 
equivalent as in free space for the entire frequencies and whole angles of 
incidence. There is no doubt, in the PML section, a huge quantity of loss 
could occur, but not influencing the phase velocity. Continuously, the PML 
area which is wrapping the computational domain will be able to end with a 
perfect electric conductor (PEC). Consequently, the reflections which 
recovered from this PEC could be sending it again to the interior 
computational space; nevertheless, it is normally small. On the 
implementation, a PML is just “perfect” in the continuous scholar and either 
in discrete structure is not ideal. An abstract PML method has been 
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developed to use in a lot of networks with planar interfaces outside the 
model Yee lattice [121, 122].  
Noticeably, there is a continuous change in the electronic devices 
development as if they are in a raise with the time speed, typical 
engineering investigation equipment have become out of date [32]. More 
and more aspects of concerned consuming devices of electrical units are 
owed to increase the frequency of the operation.  
Regardless of whether the electrical power consumed by devices is small or 
large, these issues have produced huge computational areas; this in itself 
needs large quantity of computational facilities like memory and 
implementation time [3, 32]. On the other hand, the electromagnetic 
difficulty such as scattering, radiation, wave-guiding and so forth are not 
being easy to model statistically, contain and overcome or ignoring it i.e. 
the plurality of the asymmetrical geometries which have been found in the 
real devices. Moreover, it is an extremely demanding function to mount the 
RFID tag antenna design either on or in the human body because of its 
multi-dimension character. So it requires an intelligent system, like 
computer to model, simulate and solve these problems.   
It is worth mentioning that the computational electromagnetic (CEM) is a 
technique which uses a digital computer to simulate and obtain numerical 
results for electromagnetic problems. It is observed that it is descended 
 170 
 
from mathematical analysis and experimental observation methods. At some 
point, the obtained results have been confirmed by comparing the analysis 
and CEM results with the experimental results, or employ the analysis 
and/or CEM to predict the experimental results. Generally, there are two 
CEM numerical methods have been appeared to analysis and design the 
antennas. The method of moments (MoM) and finite difference time-domain 
(FDTD) are presented as shown in Figure 7.4 [3-7].  
 
Figure 7.4:FDTD and MoM categories  
As seen from Figure 7.4, the numerical methods can be seen as an integral 
equation based or differential equation based. Furthermore, both of them 
have been divided into frequency domain and time domain. In this research, 
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the integral equation based by employing frequency domain i.e. MoM and 
the differential equation based by placing the time domain i.e. FDTD been 
investigated [123].  It can be seen that the integral equation could be 
establish in term of time domain, for example, the space time integral 
equation; while, the differential equation based could be built with 
frequency domain, for example, the finite element methods (FEM). 
Presently the FEM have become a popular used method and it is considered 
the essential method in scattering problems. 
In terms of the unidentified current (I(z’)), an integral equation with a 
structure of simultaneous linear algebraic equations can be solved by using 
MoM. Hence, the radiation pattern and impedance could be obtained easy 
owing to the recognised current. 
The computational numerical methods could conquer the incapability to 
make similar shape solutions of Maxwell’s equations below different 
constituent relatives of media and boundary conditions. The experimental, 
analytical or numerical technique has been used to solve the field problem. 
In reality, the numerical method has been applied before starting the 
experiments or practical parts. Eventually, the time loosing, the high cost, 
the risk, the limitation in parameter, and so forth have been avoided by 
implementing practical model that matches as possible the exact real time 
problem.. The analytical techniques are more accurate solution while the 
numerical methods are the estimated ones [124]. 
 172 
 
A sinusoid or a transient pulse can be used as a signal to excite the 
computational area. In fact, the exact frequency has been specified for most 
of the cases; therefore, a sinusoid source is the suitable one to use. 
Moreover, the using of transient pulse provides establishing the scattering 
response in excess of the whole bandwidth of the pulse. It is noted in a 
recent article [125], that the computational electromagnetic technique, 
Finite difference time domain (FDTD) has been used by almost all 
researchers to model the biological tissue.  
The common finite techniques such as FDTD method and the finite element 
method (FEM) are second command accurate, limiting the size of the 
domains that could be controlled efficiently [3, 114]. In addition, 
Computational electromagnetic (CEM) is a widespread technique, easy to 
recognise and simple to implement in software. In such a system, the 
simulation results are able to cover a large frequency range through a single 
simulation run [7]. 
The FDTD method can be seen as a very significant procedure in wireless 
communications area, which could be used as a creating and general 
analytical device owing to its relative ease, strength and ability for holding 
inhomegeneity inside volumetric difficulty [3, 126].   In particular, the 
relation of the computational work size to the number of the individual 
components has been minimised. Therefore, a comparatively high resolution 
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of the head in a three-dimensional (3D) can be handled in a feasible 
timescale.  
Ideally, since the head representation has been become more realistic than 
the handset and the antenna or the RFID tag’s antenna which can be created 
with more and more operation degree of clarity .The reason goes back to the 
simplicity of the antenna representation compared to the head. In view of 
the fact that the FDTD technique symbolises all structures as a standard 
matrix of rectangular parallelepipeds, it gives a very scratchy depiction of a 
good building wire. Undoubtedly, it is noted that the head has been 
optimised by FDTD through using the hybrid designs. Whilst, the handset 
has been illustrated by the Method of Moments (MoM) which allows 
basically random shapes of conducting designs. Reference [123] describes a 
numerical solution utilizing the frequency-domain MoM and polynomial 
basis functions in a Galerkin solution. Such systems are able of simulating 
conducting surfaces, wire, strip and small regions of inhomogeneous 
dielectric.  Anyway, the dielectric could not normally be optimised in this 
case. Consequently, it has been decided to use hybridise FDTD with 
integral-equation time-domain (IETD) technique in this research. 
According to Ying [125], the hybrid methods confirm enhanced accuracy 
and practicality in conditions of computational resources at the same time 
while FDTD is simply functional to a small part of the whole design 
prototype. According to that the combining of FDTD with the frequency – 
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domain method of moments have been employed to overcome these 
problems [3, 126].               
It is worth mentioning that a way has been established to create the network 
of the FDTD method conformal in the form of arbitrary of shaped metallic 
systems. Notice that the resolution should be relatively small if the finer 
details are epitomised. Consequently, the computer running time might be 
relatively long. So, the hybrid system is the best in the event that a short run 
times are needed. 
The Finite element method (FEM) is used to locate estimated solution of 
partial differential equations (PDE) and integral equations. Based on the 
Integral Equation Methods, the purpose of this process is integrating the 
reaction of all the (discretised) sensor sections of the physical structure of 
an electromagnetic system with each of the same (discretised) sensor pieces. 
Commonly, it happened in sequence with the differential equation methods 
[126]. In fact, the far-field has been expected to found when successfully 
both an amplitude and phase data obtained from the near-field 
measurements [120].  
Reference [120] reported on near- field and far-field transformation 
algorithm employing plane wave development which has been given and 
implemented to the situation of spherical near – field measurements. 
Commonly, the direction, location, field power, and frequency of the 
 175 
 
practical field are depending on the substance properties of the medium ε, σ 
and µ. 
7. 2 MODELLING AND RESULTS 
The RFID antennas adopted in this study have been previously described in 
chapter three. The Meander antenna, Linear polarised, and a Cross RFID 
antenna, Circular polarised, which has been designed, investigated and 
implemented are reused in this chapter to test the antenna efficiencies when 
it is attached to the human body.  
The human body model has been generated through the Fortran code. In 
particular, the human skin and the organs have been modelled with the 
nearest human specifications. Specifically, the head, tummy, chest, legs, 
hands and other organs have been carefully seen from the simulation results. 
Moreover, the six millimetres cell has been used to model the human body 
and the organs. In such a program, a hybrid computational method has been 
implemented. The efficiency models have been measured by the interaction 
between a meander RFID antenna placed in proximity with the human body. 
The place of the mounted RFID antennas inside equivalent surface enclose 
has been developed in a bigger size than the maximum dimension of the tag.  
Undoubtedly, the antenna direction whether vertical or horizontal 
polarisation is affected directly by the size of the box because the proposed 
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antenna is in a rectangular shape. Therefore, the changing of the antenna
orientation needs to change the box parameters. However, it should be taken
into account that the antenna centre i.e. feeding point should be in the
middle of the box. Figure 7.5 represents the program flow chart.
Figure 7.5:The program flow chart
Furthermore, the box location has been moved from one point to another one
attached to the head, back, chest, tummy, legs and other po ints in the
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organs. It is assumed that each region of those organs has many points on 
which to place the box in order to cover all of the targeted areas. Moreover, 
sixteen points have been taken to cover the back section of the human body, 
while eight points have been tested on the tummy similar to the chest. In 
each point, the coordinate and hybrid Fortran program have been complied, 
built and executed. 
The NEC-files of the optimum RFID tag antenna in both polarisation 
(horizontal and vertical) have been placed in the same directory of the 
generate field folder, which consists of the coorp.f90 (this file is used to 
generate the surface geometry of the hygence surface) and hyb.f (this file to 
compute the incident fields on the hygence surface). In the begging of the 
program, the coordinate points have been generated by complied, built, 
executed the coorp.f90 file, after that, the data will transfer to the MoM 
code. To check the validity of this procedure, the coorp.dat file, which is 
the coordinate of used RFID antenna can be found in the same directory. 
Moreover, this file is needed in the second step as well. Secondly, the same 
procedure has been done with the hyb.f file, but the optimum RFID antenna 
(NEC file) has been located in the same directory previously. Furthermore, 
the horizontal and vertical RFID antenna must be found in the NEC file 
form and saved at the same directory. It is worth mentioning that the 
Field.dat file, which consists from coorp.dat and Ex,z and Hx,z as 
magnitude and phase value has been formed. Figure 7.6 displays the file 
form. 
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Figure 7.6: The created Field file explanation 
The Ez and Hz directions inside the box are indicated in Figure 7.7 as well 
as Ex and Hx. 
 
Figure 7.7:The Ez and Hz position 
The modified of the 900MHz.txt file is copied to the main file directory. 
The gen_ground_without_sugrid.f90 file should be located at the main 
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program director. As a result from comply, build and execute this file, the 
information.txt file should be immediately created inside its directory. The 
electrical potential characteristics of the human body tissues at 900MHz 
with the external and internal air have been presented in Table 7.1. 
Table 7.1: Tissue types and there permittivity, Conductivity and density at 900 
MHz. 
Tag 
No. 
Tissue name Permittivity  
Conductivity 
    
Density 
¡ ¢£ ¤ 
0 AIR.(external) 1 0 1.3 
1 AIR.(internal) 1 0 1.3 
2 BILE 70.19 1.838 1010 
3 BODY.FLUID 68.90 1.636 1010 
4 EYE.(cornea) 55.24 1.394 1076 
5 FAT 5.462 0.05104 916 
6 LYMPH 59.68 1.039 1040 
7 MUSCOUS.MEMBRANE 46.08 0.8448 1040 
8 NAILS.(toe.&.finger) 12.45 0.1433 1030 
11 NERVE.(spine) 32.53 0.5737 1038 
17 MUSCLE 55.03 0.9430 1047 
25 HEART 59.89 1.230 1030 
30 WHITE.MATTER 38.89 0.5908 1038 
48 STOMACH 65.06 1.187 1050 
49 GLANDS 59.68 1.039 1050 
65 BLOOD.VESSEL 44.78 0.6961 1040 
68 LIVER 46.83 0.855 1030 
88 GALL.BLADDER 59.14 1.257 1030 
108 SPLEEN 57.18 1.273 1054 
110 CEREBELLUM 49.44 1.263 1038 
111 BONE.(cortical) 12.45 0.1433 1990 
133 CARTILAGE 42.65 0.7824 1097 
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142 LIGAMENTS 45.83 0.7184 1220 
143 SKIN/DERMIS 41.41 0.8668 1125 
148 INTESTINE.(large) 57.94 1.080 1043 
152 TOOTH 12.45 0.1433 2160 
160 GREY.MATTER 52.73 0.9423 1038 
163 EYE.(lens) 46.57 0.7934 1053 
164 LUNG.(outer) 51.42 0.858 1050 
168 INTESTINE.(small) 59.49 2.165 1043 
183 EYE.(sclera/wall) 55.27 1.167 1026 
184 LUNG.(inner) 22 0.4567 260 
188 PANCREAS 59.68 1.039 1045 
189 BLOOD 61.36 1.538 1058 
190 CEREBRAL.SPINAL.FLUI 68.64 2.413 1007 
203 EYE.(retina) 55.27 1.167 1026 
204 EYE.(aqueous.humor) 68.9 1.636 1009 
207 KIDNEYS 58.67 1.392 1050 
209 BONE.MARROW 5.504 0.04022 1040 
227 BLADDER 18.94 0.3831 1030 
228 TESTICLES 60.55 1.210 1044 
253 BONE.(cancellous) 20.79 0.34 1920 
The check points of RFID tag antenna position on the human body in the 
front and back side have been illustrated in Figure 7.8. In addition, the 
equivalent Huygence surface with double line meander RFID tag radiator 
i.e. linear polarisation for both vertical and horizontal orientations have 
been demonstrated as well.    
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Figure 7.8:Human body design and the RFID tag’s antenna positions; a) Vertical 
position, b) Horizontal position 
The visualization of the final work program which has been prepared for the 
experiment i.e. the position of the human body, FDTD, PML, the ground and 
the RFID tag sensor summarised in Figure 7.9. 
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Figure 7.9:The RFID tag’s antenna location and direction at the human body, FDTD 
and PML 
7.2.1 THE HUMAN BODY DESIGN 
The human body form in x-y plane at various vertical distances at cell 
number zc=35 near the bottom, zc=150 at the middle and the tummy while 
zc is about 200 have been drawn in Figure 7.10. 
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(a) (b) (c)
Figure 7.10: The human body design in x-y plane of the human body model used at
(a) zc=35 near the foot, (b) zc=150 at the middle and (c) zc=200 the tummy
It is worth mentioning that the cross sections in the upper parts of the
human body in different position at the top view have been taken. In order
to compare different parts in the human body the x-y plane at zc is equal
220, 250 and 300 as shown in Figure 7.11; to indicate the thickness of the
fat tissues that plays important role on the induced emf.
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(a) (b) (c)
Figure 7.11: Different slides for xy plane at (a) zc=220 at the tummy, (b) zc=250 at
the chest and (c) zc=300 the brain
The side view from the left of the human body to the right i.e. y-z plane has
been explored. Therefore, Figure 7.12 expound from right till the middle
which shown clearly the right shoulder at xc=110, between middle and right
side at xc=50 and nearly in the middle at xc=67. As noted when x is equal to
50 the backbone and human anatomy from the middel has been
photographed clearly.
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(a) (b) (c)
Figure 7.12:The human body model in y-z plane of the computation domain Cross
section at: (a) xc=110 right shoulder, (b) xc=50 deeper in the right side and (c)
xc=67 the middle
(a) (b) (c)
Figure 7.13:The human body model in y-z plane of the computation domain Cross
section at: (a) xc=45 in the middle, (b) xc=35 the left foot and (c) xc=22 the left
shoulder
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While when xc= 45 the side view between the middle and the left side, the
left foot and shoulder at xc=35 and the right shoulder at xc=22 have been
represented in Figure 7.13.
The back side of the human body in term of x -z plane when y is equal to
twenty (growths body background), when yc=40 in the middle has been
anatomised in Figure 7.14. The lungs, rib cage, parts of vertebral column
and the brain can be seen.
(a) (b) (c)
Figure 7.14:The human body design in x-z plane of the computation domainCross
section at : (a) yc=20 the back of the human body, (b) yc=30 the back and (c)
yc=40 the middle
As for the front section of x-z plane, Figure 7.15 shows the output format of
the middle of the human body when yc is equal to 47. Furthermore, the
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section on the front parts of the body when yc is equal to 55 and 60 has
been defined and the intestine has been visible.
(a) (b) (c)
Figure 7.15:The human body model in x-z plane of the computation domain Cross
section at: (a) yc=47 the middle, (b) yc=55 the front and (c) yc=60 the front
7.2.2 THE ELECTRIC FIELD DISTRIBUTION
The total electrical field distributions including the human body have been
studied when the RFID tag antenna is mounted close to the human skin. On
the whole, the intensification of the strong electric field intensity is shown
in Figure 7.16 that states the total electrical electric in dB normalised to 1
watt input power; when the RFID tag’s sensor placed at horizontal position
on the back side at location point number 16. In addition, y-z, x-z and x-y
plane are indicated in a, b and c consecutively.
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(a) (b) (c)
Figure 7.16:Total electrical fields in dB when the RFID tag’s antenna located in
horizontal position at the back of human body for location position number 16:
(a) y-z plane, (b) x-z plane and (c) x-y plane
To study the situation more, the distribution of the total electrical field for
back side has been observed at location position number 8 is shown in
Figure 7.17.
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(a) (b) (c)
Figure 7.17:The Electric field distribution for horizontal polarised antenna placed at
the back of the human body at location position 8.
Similarly, the electrical field distribution at the front side of the human
body for location position number 5 has been demonstrated in Figure 7.18.
The affect of the antenna to the human body when the sensor in vertical
position such as that at chest point number 4 has been indicated in Figure
7.19; to clarify the and confirm the influence of the tag position on the
electric fields intensities compared to the previous position located at the
back model.
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(a) (b) (c)
Figure 7.18:The Electric field distribution for vertical polarised antenna placed at
the back of the human for location position 5.
(a) (b) (c)
Figure 7.19:The Electric field distribution for vertical polarised antenna placed at
the chest of the human for location position 4.
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On the other hand, the effective of the circular RFID tag antenna to the
human body is very challenging for this study since in most scattering
problem this type of polarisation is recommended. Figure 7.20 demonstrates
the field’s distributions at the back side of the human body for location
position 1. In addition, the field distribution at the front side whereas the
tag antenna placed at chest level of location position 1 has been shown in
Figure 7.21.
(a) (b) (c)
Figure 7.20:The Electric field distribution for circular polarised antenna placed at
the back of the human for location position 1.
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(a) (b) (c)
Figure 7.21:The Electric field distribution for circular polarised antenna placed at
the chest level of the human for location position 1.
7.2.3 THE FAR FIELD PATTERN RESULTS
The far field radiation pattern for the most location positions discussed
earlier has been computed. In particular, the far field at x-y, x-z and z-y
planes when the target RFID tag located at the back of the human body for
location position number 16 is recognised and shown in Figure 7.22.
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(a) 
 
(b) 
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(c) 
Figure 7.22:The Far field pattern for horizontal polarised antenna placed at the back 
of the human (location position16): (a) xy plane, (b) xz plane, (c) yz plane;       
‘o-o-o’: Eθ, ‘x-x-x’: Eφ. 
The far field zone for horizontal polarised RFID tag’s antenna which is 
placed on the back of the human body for location position number 8 has 
been demonstrated in Figure 7.23. 
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(b) 
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(c) 
Figure 7.23:The Far field pattern for horizontal polarised antenna placed at the back 
of the human (position 8): (a) xy plane, (b) xz plane, (c) yz plane;                     
‘o-o-o’: Eθ, ‘x-x-x’: Eφ. 
In term of the vertical polarised antenna, the radiation field when the 
antenna is placed on the back of the human body for location position 
number five has been indicated in Figure 7.24. In addition, another results 
has been taken when the antenna in position of number four which has been 
represented in Figure 7.25. 
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(a) 
 
(b) 
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(c) 
Figure 7.24:The Far field pattern for vertical polarised antenna placed at the back of 
the human (position 5): (a) xy plane, (b) xz plane, (c) yz plane;                         
‘o-o-o’: Eθ, ‘x-x-x’: Eφ. 
 
(a) 
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(b) 
 
(c) 
Figure 7.25:The Far field pattern for vertical polarised antenna placed at the back of 
the human (location position 4): (a) xy plane, (b) xz plane, (c) yz plane;             
‘o-o-o’: Eθ, ‘x-x-x’: Eφ. 
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(b) 
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(c) 
Figure 7.26:The Far field pattern for circular polarised antenna placed at the back 
of the human (location position1): (a) xy plane, (b) xz plane, (c) yz plane;          
‘o-o-o’: Eθ, ‘x-x-x’: Eφ. 
 
(a) 
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(b) 
 
(c) 
Figure 7.27:The Far field pattern for circular polarised antenna placed at the chest 
of the human (location position1): (a) xy plane, (b) xz plane, (c) yz plane;          
‘o-o-o’: Eθ, ‘x-x-x’: Eφ. 
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In order to test the far field radiation pattern for the circular polarised 
antenna, the results of two points have been considered; the first one in the 
back at position one and the other in the front at chest position number one 
are presented in Figure 7.26 and Figure 7.27 respectively. A general 
comment can be concluded from all these far fields pattern that the human 
body plays an effective role on reducing the fields strength between 5 to 20 
dBs in the direction opposite to the location of the tag antenna i.e. the 
pattern not facing the human tissues has less effects but not null effects. 
7.2.4 CUMULATIVE DISTRIBUTION FUNCTION (CDF) 
The simulated results of the absorbed energy inside the human body and the 
radiation power from the RFID tag’s antenna are discussed in this section.  
The radiation efficiency of the optimum RFID tag’s antenna for circular and 
linear polarised characterises could be calculated using equation 7.32: 
Q  .f.Qf| = 4W¥75t¥47d¦§5 + 4¨W¨t¥ (7.32)  
Therefore, the CDF is studied and analysed for several antenna position on 
the human body. Furthermore, the power absorbed and radiation efficiency 
by the human body has been investigated. The information of the radiation 
efficiency which is gained for horizontal polarised antenna at front and back 
position on the human body has been combined as well to obtain the total 
histogram form as shown in Figure 7.28. As well as, the total of the 
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cumulative distribution function for same position has been plotted in 
Figure 7.29. In contrast, the same pattern but for the vertical polarised the 
histogram figure indicated in Figure 7.30 and the cumulative distribution in 
Figure 7.31. 
 
Figure 7.28:The histogram figure of both front and back position of horizontal 
polarised RFID tag’s antenna 
 
Figure 7.29:The total cumulative distribution function for front and back position 
of horizontal polarised antenna for radiation efficiency 
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Figure 7.30:The histogram figure of both front and back position of vertical 
polarised RFID tag’s antenna 
 
Figure 7.31:The total cumulative distribution function for front and back position of 
vertical polarised antenna for radiation efficiency 
The absorbed power over the radiated power for horizontal polarised 
antenna at the front and the back of the human body has been calculated. 
The histogram form is presented in Figure 7.32 and the total cumulative 
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distribution function is reported in Figure 7.33. Moreover, the histogram 
scheme and the total cumulative distribution function for the vertical 
polarised antenna have been evaluated in Figure 7.34 and Figure 7.35 
consecutively. The CDF of the radiation efficiencies for vertical and 
horizontal polarisations are comparable to each other and they look quite 
similar; this is clearly indicates that the polarisation of small tag antenna 
size has no too much influence on radiation efficiency for both cases. This 
is also applied to the CDF of the variations on the Pabs/Prad ratio.     
 
Figure 7.32:The histogram figure of both front and back position of horizontal 
polarised RFID tag’s antenna Pabsor bed/Pr ad iated  
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Figure 7.33:The total cumulative distribution function for front and back position of 
Horizontal polarised antenna for radiation efficiency ( Pabsor bed/Pr adiated) 
 
Figure 7.34:The histogram figure of both front and back position of vertical 
polarised RFID tag’s antenna Pabsor bed/Pr ad iated  
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Figure 7.35:The total cumulative distribution function for front and back position of 
vertical polarised antenna for radiation efficiency( Pabs orbed/Pr ad ia ted) 
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7.3 CONCLUSION 
A hybrid MOM-FDTD has been applied for model of the human body 
interaction with linear and circular polarised RFID tag antennas. In 
particular, sixteen points on the front of the human body and sixteen on the 
back have been studied. The MOM/FDTD method has been successfully 
adopted to generate the electrical and magnetic field as created by the 
antenna in free space and then applied to the FDTD domain where the 
human model is present. The human body of over 48 tissue layers has been 
modelled at propinquity to the RFID tag’s antenna working at 900MHz. The 
near and the far field radiations have been studied for the horizontal, the 
vertical and the circular polarised antennas for 32 different locations. In 
addition, CDF of radiation efficiency and the ratio of the absorbed and the 
radiated power of the antenna at different location on the human body have 
been computed. 
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CHAPTER EIGHT 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
8.1 CONCLUSION 
The main and the primary objective of this work which done in this report 
are the discussion, development and analysis of the RFID tag and reader 
antennas. These studies have focused in general to expansion the size, 
quality, polarisation, detection range, environment, its impact to the human 
body and so forth.  In general, various RFID tag antenna shapes and the 
practical experiences have been explored to see the effect on performance. 
A novel RFID tag and reader antennas have been improved the detection 
range for various expected applications. In addition, the target RFID sensors 
have been modelled to amendment the tag operation when placed on surface 
items which having a different electric properties. the RFID tag and RFID 
reader sensor have been designed using the Genetic Algorithm (GA) via 
Ansoft High Frequency Structural Simulator (HFSS), the Computer 
Simulation Technology (CST), Fortran and the Matlab software. It is worth 
mentioning that the simulation results have been taken. Subsequently, most 
of the models have been made and tested in laboratory to obtain measured 
results. In term of verifying of the results, the simulation results and the 
measurement results for the target designs have been compared and 
substantial convergence has been observed between them. As for the impact 
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of the RFID tag antenna in linear and circular polarisation to the human 
body, the simulation results show the effects on the human body. 
One of the major opportunities for RFID technology is their successful 
implementation that improve the quality of service, track and correct errors. 
Furthermore, the range of the applications is potentially very wide, but 
significant areas of application might include distributing and managing the 
activities of professional applications. RFID could ensure that only 
authorised people have access to places and systems but could also be used 
to guarantee that the correct resources are delivered to the relevant locations 
and are utilised in the prescribed manner. Such RFID systems are 
comparatively new technologies but are nevertheless widespread and among 
several applications and general location based services. 
Novel designs of several RFID tag antennas have been designed to operate 
as linear and circular polarised sensors. Two software packages have been 
used for modelling the fundamental concepts and design optimisation; in 
addition to an in house source code utilising the GA optimisation method. 
Summaries and conclusions for chapters three to seven are presented as 
follows:  
In Chapter 3, linearly polarised (LP) meander line and circularly polarised 
(CP) cruciform antennas have been simulated and configured with the aid of 
a genetic algorithm (GA) based optimiser. The optimisation strategy 
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adopted here uses a FORTRAN driver for the GA in conjunction with the 
NEC-2 source code. The designed studies have been subjected to various 
constraints and cost functions; the final outputs produce good input 
impedance matching to the RFID chip input port. 
Linearly polarised (LP) RFID tag antenna designs are investigated in 
Chapter 4. Single and double equally spaced meander line antennas 
structures are selected. Moreover, the loop effecting to the tag’s results has 
been explained. The simulated electric field distribution for most of the 
models has been presented. In each case the design concept is to obtain 
maximal angular readability from a dipole-like radiation pattern. The 
various candidates were cross validated using HFSS (finite element, reduced 
order modelling) and Microwave Studio (finite integration, transient), 
constructed and measured. The measurements show close agreement with 
the various simulations. The basic symmetry of the first design is used to 
calculate the input impedance of the tag. The results show a good impedance 
match which required for the Higgs IC. The refection coefficient |S11 | for all 
designs which include in this chapter has been found from -30 and above 
with efficiency up to seven metres. Naturally, the designs option all operate 
in the European UHF band. 
In Chapter 5, the possibility of implementing RFID tag antennas over 
metallic surfaces is considered. Results for S and T type RFID tags are 
obtained for the UHF band. Initial simulation work is carried out using 
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HFSS. The effects of the antenna substrate as well as the conducting surface 
must be fully characterised in these simulations to fully gauge the impact on 
the RFID performance. Furthermore, the simulated and measured gain 
results have been sketched for both designs and have been shown nearly 
convergence. To find the optimum design, the parametric study has been 
applied. In contrast, looping around the chip has been successfully 
investigated as a means of improving the reading range. 
The design and optimisation of compact hybrid quarifilar helical-spiral 
RFID readers antenna using GA has been proposed in Chapter 6. In 
particular, the optimum reader’s antenna dimensions have been modelled 
using HFSS software and transferred to CST software in order to compare 
the results. Furthermore, the axial ration has been calculated as 2dB near 
±90
0
 and above than 7dBi power gain. 
Chapter 7 explains the interaction among Electromagnetic (EM) Field and 
Human body for RFID tag’s antennas via Hybrid Computational Method. 
Obviously, a hybrid MoM-FDTD-without sub-grading has been functional 
and the near and far fields affection has been studied. A total of 32 points 
distributed to the back and front of the human body, the linear (vertical and 
horizontal) and circular polarisation antenna mounted on the surface of 
mentioned points and the required results have been observed. In addition, 
the CDF of the radiation efficiency and the ratio of the absorbed and 
radiated energy have been analysed. 
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8.2 SUGGESTIONS FOR FUTURE WORK 
The RFID devices grant a novel standard technology in tracking and 
transferring information.  As most of RFID system applications are still in 
the stages that need to be further development and adopted by limited 
features. 
It will be the great potential if the future studies focus intensely in the RFID 
technology integration with other technology system such as GPS, personal 
equipment and so forth. Admittedly, the RFID price must be taken in 
consider the thinking to decrease to the lowest possible and increases the 
encryption security. Therefore, in the future the research will be 
highlighting to employ the RFID method everywhere on everything and 
installed at all building entrance to track data or item or personal with 
controlling the access to the data and the power of the information i.e. fully 
privacy. 
In fact, the work presented in this report has tried to determine the factors 
which affect the RFID tag antenna design against the detection reading 
range. The presented designs have involved the study of the characteristics 
of RFID tags antenna performances subject to several applications. 
Actually, in order to continue this research, the future tasks are given as 
following: 
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• Study the effectiveness of RFID performance, vs. changes in the 
operating environment, construction materials and dielectric 
composition and so forth. In addition, dual polarised RFID tag’s 
antenna mounted on complex dielectric structure could be studied to 
overcome the fading, dead spots and drop-outs signal. Therefore, the 
week antenna radiation could be switched by stronger emitting signal 
antenna [127. 128]. 
• Model and improve the operation of circular polarisation RFID tag 
and reader antennas and implement the required measurements [129]. 
• Design and implement a miniaturised RFID tag antenna mounted on 
metallic surface. Investigate existing and new RFID tag antennas on 
real time developments for multi applications. 
• Employment the RFID tags in the sewer infra structure to warn the 
maintenance company as sending Email or SMS or call in case of any 
block in manhole or inside the homes. 
• Write a program to control the RFID reader information and use it to 
apply in different application. In contrast, the cognitive radio (CR) 
method is good technology could be utilised in the RFID system as 
writing or editing suitable software defined radio (SDR) as dealing 
with spread spectrum. Therefore, the control to give identity and 
authorising to the user, out power, encrypt or decrypt signals and so 
forth. Furthermore, the federal communication commission (FCC) 
might be benefit for RFID technology to get the public people to use 
the unused RF spectrum i.e. white spaces [130]. 
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• Think to increase the chip memory to transfer plethora of data that 
give option to save more information about the tagged object. 
• Modify some of the mentioned RFID design antennas to be operated 
for 2.4 and 2.5 GHz i.e. Wireless local area networks WLAN. 
• In case to increase the optimizing data speed and decrease the 
communication errors, applying the MIMO system (Multi Input, Multi 
output)  for RFID application in order to decrease the multipath. 
Observance of RFID applications, the MISO (Multi Input, Single 
Output) or SIMO (Single Input, Multi Output) could be utilised. 
• Work on expand the current studies and research developments to 
gain much possibility to implement this device in a wider 
applications.  
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Abstract—This paper investigates the design of UHF RFID 
tagging antennas mounted on, or in close proximity, with a 
conducting surface. Detailed simulation and analysis of the tag 
antenna was carried out for 900 MHz operation. The antenna 
dimensions were fixed at 32.5 mm × 9.5 mm × 1.6 mm. From 
simulation the input impedance of the target transponder 
antenna was found to be (14.3-j140.9) Ω, normalized to 50 Ω. The 
final design was tested to identify an object consisting of a metal 
surface, the effective detection was found to be between 0.7 m 
and 1.2 m.   
Keywords- passive RFID tag; antenna; conducting surface; 
measurment  
I.  INTRODUCTION  
RFID tagging technologies are a rapidly becoming a 
ubiquitous form of auto-identification in a range of 
applications in logistics, commerce, and environmental 
infrastructure. This popularity stems from the ability to track 
objects and associated information on static or moving objects 
quickly and in multiple data types. Typical data transfer times 
are less than 100 ms [1-3]. RFID devices can be deployed in 
awkward environments, although practical limitations. RFID 
devices are capable of being implemented in physically 
awkward environments, although there are some practical 
limitations in this respect. Thus far commercial and logistic 
applications have tended to dominate the field, e.g. access 
control (tollgates) and product or component tracking; there is 
also a rapidly developing biomedical applications field. 
RFID systems involve a radio transponder (the ‘tag’) and 
reader or interrogator. The RF antenna is a key part of the 
system, and often presents a serious design challenge as it must 
have a direct connection to the tag’s ASIC (application specific 
integrated chip). The ASIC input impedance always presents a 
capacitive reactance. It follows that the reactive nature of the 
tag antenna must be properly realized as the complex conjugate 
of the ASIC input impedance to enable the maximum 
transmission using the RF power induced from the tag. 
Microstrip antennas have an obvious attraction for such 
applications. They may be easily constructed with given 
radiation and polarization properties, and made to work in most 
normal operating environments [4-6]. This work is concerned 
with overcoming the difficulties of identifying a given passive 
tag in close proximity with metal surfaces. Recent work in this 
area includes the possible use of EBG material [7] and the 
integration of a tag with aluminum foil packaging [8]. 
 
Figure 1a.  RFID tag antenna for metal surface: the proposed (S)- Shape 
antenna’s  geometry. 
II. RFID TAG’S ANTENNA MODEL 
The target frequency band and RF specification is the 
European UHF RFID band, which has a centre frequency of 
900 MHz and a bandwidth of 3 MHz. The ASIC selected for 
this tag IC design is a Higgs IC, which has been designed to 
follow the EPCglobal Class-1 Gen-2 specification, therefore, 
the used input impedance is (15 + j140) Ω. Instead of a 
standard meander line antenna, an S-shaped printed line 
antenna has been designed using the FR4-epoxy substrate 
which has a permittivity of 4.5 and loss tangent of 0.017 at 
900 MHz. Moreover, 1.6 mm substrate thickness has been 
employed. Consequently, the first cut dimensions have been 
found from simulation using HFSS [9]. Indeed, a candidate 
structure with principal linear dimensions of 32.5 mm × 19.5 
mm has been prototyped and illustrated in Figure 1. 
Furthermore, for more details about the intended design 
dimensions see Table 1.  
 
Figure 1b.  RFID tag antenna for metal surface: antenna prototype with Alien 
chip (Higgs-2). 
TABLE I.  PARAMETERS OF THE PROPOSED RFID TAG’S ANTENNA 
Parameter Value  mm Parameter Value mm 
a 19.5 K 17.5 
b 9 L 8 
c 0.5 M 13 
d 12 N 20 
e 8.5 O 10 
f 13 P 4 
g 0.5 Q 7 
h 14.9 R 5 
i 13 S 6 
j 8.5 T 2 
III. PROTOTYPE RESULTS AND DISCUSSIONS 
The antenna has been connected with the tag IC, and 
preliminary distance detection tests have been carried out. As 
a result of the tag antenna input impedance has been optimized 
as (14.3 – j 140.9) Ω, at a desired frequency such as 900 MHz 
which is commonly normalized to 50 Ω throughout the whole 
RFID band. In contrast, the detection rate has been measured 
and found is greater than 75 cm.   
For comparison, the simulated (HFSS) and measured 
antenna’s result of reflection coefficients have been visualized 
and depicted in the Figure 2. Obviously, the measured results 
have been shown agree well with simulated results. In 
contrast, the simulated gain performance has been given in 
Figure 3. 
 
Figure 2. REFECTION COEFFICIENT |S11| FOR THE OPTIMISED DESIGN 
As observed from Figure 3, the gain factor of such tag’s 
antenna when placed on the metallic surface has been 
presented. It is worth mentioning that the detection rate could 
be decreases a few times compared to the normal range of 
tag’s when its work in the non-conducting surface. Indeed, the 
simulated and measured results have been obtained and looked 
closer to each other.  
 
Figure 3. Simulated gain of proposed RFID tag’s antenna design 
 
(a) 
 
(B ) 
 
 
(c) 
Figure 4. The simulated and measured normalized radiation patterns results 
of the optimum RFID tag’s antenna in: a) z-x plane, b) x-y plane and c) z-y 
plane at 900MHZ. 
    ‘oo’ simulated co-polarization, ‘xx’ simulated cross-polarization,  
  ‘
___
’ measured co-polarization and ‘-.-.-‘measured cross-polarization. 
 
The computed antenna patterns were compared with the 
measurement results, see Figure 4, (a, b and c) which shows 
the z-x, x-y and z-y planes, respectively. The results are fully 
consistent with one another, in particular the z-x and x-y 
planes demonstrate a typical omni-directional pattern. The 
current distribution was computed within the simulation, see 
Figure 7, it can be seen that the maximum current is 
distributed about the feed point. 
 
Figure 5. The current distribution of the tag’s antenna at 900MHz. 
IV. CONCLUSION 
  The design of a mountable RFID tag has been presented 
for UHF frequencies and situations where the tag is expected 
to be in close proximity of metallic surfaces. Detailed 
electromagnetic simulation of the antenna tag sub-system 
indicated an impedance of (14.3 – j140.9) Ω  at 900 MHz. The 
tag antenna has been tested using an Alien ALR8800 RFID 
reader, the detection range is found to be better than 75 cm. 
The radiation patterns in the z-x and z-y planes are omni-
directional, and the characteristics are similar to those of a 
dipole antenna.  
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larger than the bandwidth of the PDs. The fundamental frequen-
cies used were 10 GHz and 10.1 GHz, and the result of the
measurement of the UTC-PD at 40 mA is shown in Figure 3
(right inset). The two tone measurements were repeated for dif-
ferent photocurrents, and the results are presented as the OIP3
versus the photocurrent in Figure 4(a). The OIP3 of the UTC-
PD was found to be increasing with bias voltage, and therefore
a bias 6 V was chosen, which was found to be the largest safe
voltage. The increase of the OIP3 with voltage is consistent
with results of [8]. Because of the dynamic range limitations of
the ESA, the measurements of PIN-PD and the UTC-PD were
limited to photocurrents between 5 and 13 mA, and 15 and 40
mA, respectively. The UTC-PD had about 15–20 dB larger
OIP3 in this measurement range. The measurements of the line-
arity and noise can be added together under the assumption that
the photodetector is limiting the link, as mentioned in the intro-
duction, and thus, the SFDR can be calculated and is plotted as
a function of photocurrent in Figure 4(b). As a consequence of
the high OIP3 of the UTC-PD, the SFDR is more than 10 dB
higher than for the PIN-PD.
4. DISCUSSION AND CONCLUSIONS
In our experiment, we observed only a minor increase in CNR
when operating the UTC-PD at photocurrents beyond what the
PIN-PD could handle. However, the CNR could be increased
with higher OSNR and larger photocurrents. From a linearity
point of view, it is a great beneﬁt to use the UTC-PD compared
with the PIN-PD because of their opposite behavior of the
OIP3. The result that the UTC-PD’s OIP3 increasing with pho-
tocurrent is consistent with previously published results [8]. This
is explained by the self-bias effect improves the RF response
with increased photocurrent and that the space-charge effect is
not dominant. The OIP3 is over 16 dB better for the UTC-PD
compared with the PIN-PD. If the dynamic range is considered
for the UTC-PD, we have that both the noise ﬂoor and the OIP3
are increasing with photocurrent but at different rate. The opti-
mum dynamic range is given by the SFDR, which then is a
function of photocurrent. However, it can be concluded that it is
beneﬁcial to use the UTC-PD as the increase in OIP3 nearly
counteracts the increase of the noise ﬂoor and thereby only
results in minor decrease of SFDR with increased photocurrent.
In conclusion, we have compared the linearity and the per-
formance in realistic noise environment of a typical UTC-PD
and a commercial PIN-PD. It is found that it is beneﬁcial to use
a UTC-PD compared with a PIN-PD, as the UTC-PD has supe-
rior OIP3, which even increases with photocurrent. Thus, the
SFDR of the UTC-PD decreases very slowly with high photo-
currents compared to the PIN-PD.
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ABSTRACT: A novel quadriﬁlar spiral antenna is proposed for use in
personal communications mobile terminals exploiting the ‘‘big low earth
orbit’’ (big-LEO) satellite system (uplink 1.61–1.63 GHz; downlink
2.48–2.5 GHz). Feeding of the antenna from the outer periphery is
proposed, to avoid the complexity and space requirements of a centre
feed; an externally fed antenna can also be fed either by coaxial cables
or stripline. Moreover, the hybrid phasing network and the matching
network (if required) can be located outside and possibly printed in the
same plane as the antenna structure. Versions of the design were
investigated using the method of moments and in hardware realizations.
These had a ﬁnite ground plane with air dielectric between the spirals
and the ground plane. Performance suitable for satellite mobile system
applications was demonstrated, including dual-band matching. VC 2010
Wiley Periodicals, Inc. Microwave Opt Technol Lett 52: 987–990, 2010;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.25090
Key words: quadrifilar spiral antenna (QSA); circular polarization;
antennas; personal satellite communications
1. INTRODUCTION
Spiral antennas are particularly known for their ability to pro-
duce a very wideband almost a perfect circularly polarized radi-
ation over their full coverage region [1–5]. As a result of this
polarization characteristic and the ability to produce a broad ze-
nith-directed pattern, spiral antennas are popular for their use in
satellite mobile communication handsets [2, 6, 7]. This concept
was developed for personal communication antennas for ‘‘a big
low earth orbit’’ (big-LEO) satellite system mobile terminal,
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using the uplink and downlink bands of 1.61–1.63 GHz (L
band) and 2.48–2.5 GHz (S band) respectively [7]. Earlier and
recent studies [2, 5] for single, dual, and quadriﬁlar spirals were
restricted by the need to feed the antennas from the centre. This
causes additional constraints on the size and the mutual coupling
between the feeding ports. These problems have been solved
here by applying the feeding ports on the outside, thus avoiding
the complexity and space requirement of a centre feed. An
externally fed antenna also offers the option of feeding either by
coaxial cables or stripline and the hybrid phasing and the match-
ing networks can be located outside and possibly printed in the
same plane as the antenna structure. This study was performed
on a ﬁnite ground plane of dimensions 6  6 cm2 with air
dielectric between the spirals and the ground plane for conven-
ience (a solid dielectric version would be signiﬁcantly smaller).
An industry-standard frequency-domain MoM program was used
for computer simulations.
2. CONFIGURATION OF QUADRIFILAR SPIRAL ANTENNAS
Quadriﬁlar spiral antennas (QSAs) consist of four separate spiral
arms, each rotated by 90 with respect to its neighbors (Fig. 1).
The feed signal for each of the arms is 90 out of phase with
respect to its neighbors. The Archimedean spiral conﬁguration
[5] with small pitch turns was adopted and ﬁtted within a 6 
6 cm2 planar area. The area can be varied, subject to meeting
the required antenna performance for personal satellite services.
In addition, some extra spacing between the wires should be
allowed to prevent degradation by proximity effects between
closely parallel wires [8]. Figure 2 shows photos of the antennas.
The antenna is designed to provide circular polarization in
the elevation angular region from zenith to 660 in both the L
and S bands (range 1.61–1.63 GHz and 2.48–2.5 GHz). The
dual band antenna should provide a maximum voltage standing
Figure 1 Basic geometry of quadriﬁlar spiral antennas fed from outside; (a) QSA with free (unconnected) inner ends and (b) QSA with connected
inner ends
TABLE 1 Geometrical Data for Quadrifilar Spiral Antennas
Inner End Connection Free Connected
Wire radius (m) 0.00025 0.00025
Spiral height (m) 0.0175 0.018
Number of turns 1.42 1.3
Spacing between turns (m) 0.013 0.0159
Inner start radius of spiral (m) 0.017 0
End radius of spiral (m) 0.0278 0.028
Spiral constant (m/radian) 0.248 0.253
Figure 2 Prototypes of quadriﬁlar spiral antennas; (a) QSA with free inner ends and (b) QSA with connected inner ends. [Color ﬁgure can be viewed
in the online issue, which is available at www.interscience.wiley.com]
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wave ratio (VSWR) of 2:1 over the whole range of the bands
and also a reasonable power gain exceeding 3 dB at L band and
5 dB at S band.
3. SIMULATED AND MEASURED RESULTS
The antenna analysis software NEC-Win Pro [9] was used to
predict the antenna performance. It was assumed that the spiral
conductors and the ﬁnite ground were perfectly conducting. A
range of parameters was tried to ﬁnd the design with optimum
characteristics. Different discretization segment lengths were
also tested to evaluate the stability of the results. The antenna
parameters were shown in Table 1. The feeding lines to the spi-
ral arms were tilted by 33 from the normal to the ground plane
to improve the circular polarization performance. The arms were
fed using a hybrid network that provided the required voltages
with approximately equal amplitude and appropriate phase [10].
The simulated and measured VSWR at one of the input ports
(for other ports were approximately similar [11]), axial ratio,
and power gain for a QSA with free inner ends [Fig. 1(a)] are
shown in Figures 3(a), 4(a), and 5 respectively. Similarly, the
results of the shorted-arm version QSA [Fig. 1(b)] are presented
in Figures 3(b), 4(b), and 5. The measured results correspond
well with the desired computed behavior. The relative band-
widths of VSWR  2.5 of the free inner QSA at 1.6 and
2.48 GHz are 8.1 and 8% respectively. Similarly for the
shorted-arm QSA at 1.6 and 2.48 GHz they are 5 and 7.2%
respectively. These results were encouraging because they
showed a reasonable agreement with the required speciﬁcations.
The measured return losses, 16.2 dB at 1.6 GHz and 12.7 dB at
2.5 GHz, for the free inner ends and 13.03 dB at 1.6 GHz and
11.3 dB at 2.5 GHz for the shorted-arms version were in good
agreement with the performance required. The measured imagi-
nary part of the input impedance was close to zero at the work-
ing frequencies, whereas the real parts, 49.6 and 39.2 X at 1.6
and 2.48 GHz, respectively for a free inner end QSA and 60
and 68 X at 1.6 and 2.48 GHz, respectively for the shorted-arms
version, are acceptable for practical operation in a 50 X system.
The maximum degradation in axial ratio at 1.61 GHz for free
inner ends and shorted-arms QSAs were around 2.0 dB over the
elevation range 645 as shown in Figures 4(a) and 4(b) respec-
tively. For the shorted-arms QSA the variation of axial ratio
with elevation angle at 2.485 GHz was quite similar to that in
the 1.61 GHz band [Fig. 4(b)], whereas for the free inner ends
version it was 3.6 dB over 645 elevation angle as shown in
Figure 4(a).
Figure 3 Simulated and measured voltage standing wave ratio versus
the operating frequency for QSAs; (a) with free inner ends and (b) with
connected inner ends, (simulated: ‘‘_______,’’ measured: ‘‘---------’’)
Figure 4 Axial ratio of QSAs versus the elevation angle at two azi-
muth angles (u ¼ 0 and u ¼ 45) and for two operating frequencies
(1.61 and 2.485 GHz); (a) with free inner ends and (b) with connected
inner ends
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Figure 5 illustrates the calculated and measured antenna gain
in the broadside direction (u ¼ 0, h ¼ 0) for the two antennas
shown in Figure 2, over L and S bands. The measured results
are clearly in quite reasonable agreement with the computed
ones. It is also seen that the gain variations are fairly symmetri-
cal for the free inner ends and the shorted-arms QSAs in the
two bands under considerations. It should be noted that the
measured power gain for each frequency band in the measure-
ment plots has been compensated in ofﬂine analysis for the
insertion loss of the feeding network As can also be observed in
Figure 5, the measured gains for both antennas varied between
2.8 and 3.8 dBi over the entire L band; and between 5.2 and 6.8
dBi over the entire S band. These results are quite promising
and encouraging for practical deployment.
4. CONCLUSIONS
QSAs of traditional form have been limited by the need for
feeding at the centre, causing extra constraints on the size and
the mutual coupling between the feeding ports. These problems
have been overcome by locating the feeding ports on the outside
of the spirals. This allows the QSA arms to be connected at the
centre, thus providing extra space for long spiral arms. Such an
antenna can be fed by microstrip lines and can allow integration
with phasing and matching networks in the same plane. Meas-
ured results showed excellent agreement with method-of-
moments simulations. The antennas demonstrate the basic viabil-
ity of the designs as low-proﬁle antennas for dual-band satellite-
mobile handsets: it is to be expected that much smaller designs
could be created by using suitable solid dielectrics between the
spirals and the ground plane.
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ABSTRACT: This article presents a new method to realize sectoral
antennas for base station by incorporating metallic partially reﬂecting
surface (M-PRS). The main idea consists in inserting simple radiating
elements, as patches, inside a Fabry-Perot cavity resonator. This
consists of a ground plane, where the feeding system rests covered by a
rectangular M-PRS. A patch array is used as a feeding structure to
enhance directivity and radiation bandwidth. A rectangular M-PRS
Figure 5 Simulated and measured power gain versus the operating
frequency of the QSAs; (a) L band and (b) S band. (Free inner ends:
simulated ‘‘_______,’’ measured ‘‘o o o’’; connected inner ends: simu-
lated ‘‘- - -’’, measured ‘‘* * *’’)
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Meander-line Antenna Design for UHF RFID Tag Using a Genetic
Algorithm
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Abstract— In this paper, a simple planar meander-line tag antenna for RFID application at
UHF band designed and optimized using genetic algorithms (GA). The meander-line tag antenna
dimensions were optimized and evaluated using GA in collaboration with NEC-2 source code.
Configuration of optimal antenna with excellent impedance value at 900MHz frequency band was
found within the maximum generation. The simulated input impedance of the GA-optimised tag
antenna has shown good agreement with the targeted impedance value. Moreover, the capabilities
of GA are shown as an efficient optimisation tool for selecting globally optimal parameters to
be used in simulations with an electromagnetic antenna design code, seeking convergence to
designated specifications.
1. INTRODUCTION
In recent years Radio Frequency Identification (RFID) has become very popular in many commercial
applications such as access control, animal tracking, security, and toll collection, because of its
ability to track moving objects and its low-cost implementation [1, 2]. A typical RFID system is
always made up of two components, including the tags (transponders) and readers (interrogators).
A tag comprises an antenna and an application-specific integrated circuit (ASIC, or microchip)
that is given a unique electronic product code. The antennas, as a key part of the system, enable
the tag or reader to send and receive the signals. Readers are devices that read tags, and they
equipped with antennas, a transceiver, and a processor (server with software system). The tag
antenna design is quite challenging. This is because tag antenna is required directly connected
to the tag IC, whose input impedance always presents capacitive reactance in nature. It means
that the reactance part of tag antenna has to be designed and optimised to be complex conjugate
impedance of tag IC in order to realize the maximum transmission using RF power induced from
the antenna tag.
In this paper, an approach of using Genetic Algorithm (GA) in cooperation with an electro-
magnetic simulator was adopted to design and optimise the RFID tag antenna for UHF band.
The benefit of applying GA is that it provides fast, accurate and reliable solutions for antenna
structures. Genetic algorithm driver [3], written in Fortran, was adopted in this work in conjunc-
tion with the industry-standard NEC-2 Fortran source code [4], which was used to evaluate the
randomly generated antenna samples. A meander-line antenna configuration was proposed in this
study in order to achieve a tag design with compact size at UHF band. A Higgs IC [5], designed
to follow EPCglobal Class-1 Gen-2 specification, was selected for the tag IC, input impedance of
which was found to be (12.2− j135)Ω at 900MHz.
2. GENETIC ALGORITHM
Genetic algorithms are stochastic search procedures orchestrated by natural genetics, selection and
evolution. They are modelled on Darwinian concepts of natural evolution thus making them more
inspiring during use [6]. After it’s first introduction in 1960’s by J. Holland, it has become an
efficient tool for search, optimization and machine learning, but in the pre-GA era, concepts of
it had been looming and applied in game playing and pattern recognition [7]. Over the recent
years, it has proven to be a promising technique for different optimizations, designs and control
applications.
An approach of using GA in cooperation with an electromagnetic simulator has been introduced
for antenna designs and has become increasingly popular recently [8]. For example, GA have been
employed to design wire antennas [9, 10] and microstrip antennas [11]. The benefit of applying GA
is that they provide fast, accurate and reliable solutions for antenna structures. Genetic algorithm
driver [3], written in Fortran, was adopted in this work in conjunction with the industry-standard
NEC-2 Fortran source code [4], which was used to evaluate the randomly generated antenna samples.
1254 PIERS Proceedings, Beijing, China, March 23–27, 2009
Several antenna designs using GA in authors’ previous study [12, 13] has shown that the GA was
successfully proved as an efficient optimizer tool that can be adopted and used to search and find
the quicker solutions for complex antenna design geometries.
A flow chart to represent the easiest way in which the GA optimizer coordinates its functions is
represented in Fig. 1. The algorithm randomly initiates its population and converts the parameters
of the initiated individuals into a file in a card format which can be called by NEC-2 to determine
the performance of these individuals. The results from NEC-2 are fed again to the GA engine to
evaluate individual fitness if the maximum value is obtained for convergence, if otherwise the whole
process is repeated until optimal results are produced.
Start
State the variable   
constraint
Electromagnetic 
Code
Print results
(State Optimum 
 
 Check
 Does max. generation
reach?
1 2 .…… N = no. of passes
Stop
No
Yes
No Yes
GA driver parameters:
Mutation rate, 
population, no. of 
generation, 
Solutions)
etc.
Figure 1: Flow chart of the genetic algorithm adopted in this study.
3. SIMULATION RESULTS AND DISCUSSION
A meander-line antenna configuration, as shown in Fig. 2, was proposed in this study in order
to achieve a tag design with compact size at UHF band. Moreover, a paralleled meander line
arrangement was used to enhance the impedance bandwidth for the proposed design. A Higgs
IC [5], designed to follow EPCglobal Class-1 Gen-2 specification, was selected for the tag IC, input
impedance of which was found to be (12.2− j135)Ω at 900MHz.
Figure 2: The new RFID antenna tag model.
Table 1 presents the GA input parameters in which the possible range of parameters magnitudes
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were shown. There are seven parameters used to define the proposed tag antenna, including a
matching circuit (i.e., parameters w2 and h2). For this optimisation, real-valued GA chromosomes
were used. The optimisation of input impedance of the proposed tag antenna at 900MHz band
is considered inside the GA cost function. The randomly generated antenna configurations were
evaluated for maximum fitness using a cost function. The computation time consumed for each
of the erratically generated antenna samples only took a few seconds, according to the different
combination of length, width and height of the patch antenna selected for comprising the antenna
configuration. This was achieved by using a PC: 2.8 Pentium IV of 1GB RAM.
Table 1: Summary of GA input parameters, antenna variables and best solutions.
GA parameters
GA-optimised RFID passive tag antenna
Parameters (m) Optimal (m)
Feeding wire length (d1) (0.0025–0.0025) 0.0025
No. of population size = 4, Spacing between wires (d2) (0.001–0.003) 0.00222
No. of parameters = 7, Outer wire width (w1) (0.006–0.01) 0.00651
Probability of mutation = 0.02, Matching wire width (w2) (0.0015–0.0055) 0.00372
Maximum generation = 250, Outer wire height (h1) (0.005–0.015) 0.01110
No. of possibilities = 32768, Matching wire height (h2) (0.001–0.003) 0.00214
Wire radius (r) (0.0002–0.0002) 0.0002
The geometry configuration of the optimal antenna was found within the maximum generations
and the best solutions are listed in Table 1. It is notable the overall dimension (l×w) of the optimal
tag antenna is 62×22mm. The obtained input impedance of the optimal tag antenna was found to
be (10.5+j135.2)Ω. For validation, the performance of the GA-optimised tag antenna was evaluated
and validated with another commercial EM simulator and simulated results of the antenna input
impedance from 800MHz to 1000MHz was analysed and presented in Fig. 3. Moreover, comparison
of the simulated return loss of the GA-optimised RFID tag antenna was shown in Fig. 4. As can
be seen, the optimal tag antenna features wide impedance bandwidth with respect to the tag IC
impedance and enables to fully cover the allocated UHF frequency band for RFID application from
860MHz to 960MHz. Radiation patterns of the proposed tag antenna were also investigated. The
radiation patterns in the zx plane and zy plane at 900MHz were studied and the corresponding
normalised results were presented in Fig. 5. As can be see, the optimal antenna has a dipole-like
pattern, as expected. The maximum antenna gain was found to about 1.5 dB. The results are
encouraging for practical implementation of this tag antenna.
Figure 3: Simulated input impedance of the optimal
RFID tag antenna.
Figure 4: Comparison of return loss for the optimal
RFID tag antenna.
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Figure 5: Radiation patterns of the proposed GA-optimized tag antenna for 900MHz at: (left) zx plane;
(right) zy plane; ‘—’ measured Eθ and ‘- - - -’ measured Eφ.
4. CONCLUSIONS
A novel design for the design and optimisation of RFID tag antennas with linear polarisation by
use of genetic algorithms has been presented. A FORTRAN code genetic algorithm driver was
adopted in this work in conjunction with the industry-standard NEC-2 FORTRAN source code,
which was used to evaluate the randomly generated antenna samples. The results of the optimum
designs of the proposed antennas exhibit good input impedance matching as required by the RFID
IC. The presented examples show the capability of the proposed program in antenna design using
GA and the results are encouraging for practical implementation of this tag antenna for UHF RFID
applications.
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ABSTRACT 
 
Design and testing of an equal-spaced rectangular meander-line antenna (ESRMLA) for RFID tag 
applications in the European UHF band 865-868 MHz is presented. The tag antenna was modelled and 
analysed using two established electromagnetic simulator packages. For validation, a prototype tag 
antenna was constructed and tested. The input impedance of the proposed antenna was verified against 
the simulated data results and the measured and simulated results were found to be in good agreement. 
The tag has a compact size (63.2 mm x 21.9 mm) and shows excellent impedance matching to the typical 
input impedance of an RFID integrated circuit chip. 
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RFID, Antenna design, Electromagnetic simulation, Printed antennas 
 
1.0 INTRODUCTION 
 
RFID is an automatic identification method, relying on storing and remotely retrieving data 
using devices called RFID tags or transponders. The RFID tag is often represented as a 
substitute for the traditional bar code [1, 2], but it has much wider ramifications since, in 
addition to being readable at a greater distance and through opaque material, it can also be 
remotely modified and even, potentially, reprogrammed. The technology requires some degree 
of cooperation between an RFID reader (interrogator) and a tag (transponder). A tag comprises 
an antenna and an application-specific integrated circuit (ASIC, or microchip) that is given a 
unique electronic product code. The antennas, as a key part of the system, enable the tag or 
reader to send and receive the signals: in addition, the RF power transmitted from the reader is 
normally required to power the circuit in the tag, so avoid the need for batteries.  
 
Readers are devices that read tags, and they are equipped with antennas, a transceiver, and a 
processor (server with software system). The tag antenna design is quite challenging, because 
the antenna is required to be directly connected to the tag integrated circuit (IC), whose input 
impedance always presents a capacitive reactance. This means that the reactance part of the tag 
antenna output impedance has to be designed and optimised to be the complex conjugate 
impedance of that of the IC in order to realize the maximum transmission efficiency using RF 
power induced from the antenna.  In recent years, many novel RFID tag antennas with compact 
size have been successfully demonstrated [3-9] in the open literature.  
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and the input impedance of the optimal tag antenna was found to be 14.21-j134 Ω as shown in 
Fig. 3. 
 
Table 1 Optimum parameter values (see Fig 1). 
 
a 3.2mm f 11.5mm
b 19mm g 0.9mm
c 4.8mm g 0.8mm
d 63.2mm i 1.2mm
e 19.8mm j 2.8mm
 
 
 
 
Fig.2 Simulated RFID tag antenna return loss.
 
 
 
Fig. 3 Simulated RFID tag input impedance.
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For validation, the performance of the proposed optimal tag antenna was evaluated and 
validated with the CST Microwave Studio simulation software [14]: simulated results of the 
antenna input impedance from 800 MHz to 1000 MHz were analysed. The comparative input 
impedance locus from both packages for the antenna at frequencies of interest was plotted on a 
Smith Chart (see Fig. 4). This shows that the simulated input impedance achieved at 867 MHz 
was found to be 11.2-j80.6 Ω (using CST Microwave Studio software) and was 14.4-j134.8 Ω 
using HFSS. The results show fairly good agreement using the two different packages.  
 
A prototype of the proposed tag antenna was fabricated and tested. The measured input 
impedance of the antenna was obtained using mirror image theory since the proposed design has 
a symmetrical structure. Therefore, only half of the antenna, operating as a monopole over a 
very large square ground plane, was used in this measurement, where each lateral length of the 
ground plane is greater than 3λ (wavelength in free space). The resultant measured input 
impedance is shown in Fig. 4, in which it is also compared to two calculated values obtained 
from the two different EM simulators. 
 
Fig. 4 Comparison of input impedance on Smith Chart using HFSS, CST Microwave Studio, 
and measurement. 
 
The radiation patterns in the E-plane (z-x plane) and H-plane (z-y plane) at 867 MHz were 
studied and the corresponding normalised results are presented in Fig 5. The radiation pattern of 
the proposed antenna is an omnidirectional radiation pattern in the H-plane and doughnut shape 
pattern in the E-plane with linear polarisation, very like the case for a typical dipole antenna. 
The maximum antenna gain was found to be about 1.7 dBi and 1.5 dBi for z-y and z-x planes, 
respectively. 
 
The present foregoing simulated results are quite well suited for practical implementation of this 
tag antenna (see Fig. 6).  These encouraging results may lead to further practical investigation of 
the maximum detection distance of the RFID reader using the proposed tag design and the 
commercial Alien Technology UHF tags [10]. 
 
CONCLUSIONS 
 
A design for a linear polarized RFID tag antenna based on equally-spaced meander line has 
been presented. The antenna was shown to have a dipole-type radiation pattern, giving 
readability over the maximal range of angles. The antenna can be directly matched to the 
arbitrary complex impedance of a tag chip, and appropriate bandwidth characteristics can be 
obtained by properly adjusting the characteristic impedance of the incorporated two-strip 
transmission line. The simulated performance for the proposed design was compared and 
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  Abstract—An approach to hybridization, linking the 
Method of Moments, the Finite Difference Time Domain method 
and subgridded FDTD regions is presented. This hybrid method 
is capable of analysing a system of multiple discrete regions by 
employing the Principle of Equivalent Sources to excite the 
coupling surfaces and then using a linear field-interpolation 
method. The method is developed to suit RFID model analysis for 
both near- and far-field applications. 
 
Index Terms—FDTD, MoM, Hybrid Method, RFID, 
Equivalent Surface. 
I. INTRODUCTION 
he demand for efficient and accurate field modelling tools 
for electromagnetic (EM) problems is constantly growing. 
The various numerical methods can be divided into several 
categories. One possible division can be made, based on the 
domain in which the procedure is applied: time domain 
methods and frequency domain methods [1, 2]. 
The applications of these two classes of methods mainly 
depend on the type of problems to be solved and on the form 
of the required solution, e.g. impulse response or harmonic 
solution. It is clear that results can be moved from one domain 
approach to the other by applying a direct or inverse Fourier 
transform, applying the proper care to avoid aliasing and to 
ensure causality. However, there are deeper issues of stability 
which may also influence the decision on which method to 
use. A second possible classification for numerical methods is 
based on the type of formulation used: differential formulation 
and integral formulation. 
This paper focuses on one differential method and one 
integral method, as shown in Fig. 1. The former is the Finite-
Difference Time-Domain (FDTD) method which is a discrete 
time-domain differential formulation of Maxwell's equations 
that includes another embedded subgridding FDTD method 
(SGFDTD) to model small complex structures inside a normal 
FDTD method. The integral method is the ‘Method of 
Moments’ (MoM), most widely used in the frequency domain. 
The objective of this work is to explore subgridding inside the 
hybrid combinations between these two methods and apply the 
combined method to different EM scattering applications such 
as those found in RFID communication systems. 
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Fig. 1 Hybrid MoM/FDTD/SGFDTD configuration for the single source and 
scatterer geometries; (top) Near field application, (bottom) Far field 
application. 
II. METHOD IMPLEMENTATION AND RESULTS 
A computer program was written to implement the analysis 
method given in previous section. The new code was a 
modified version of the authors’ work presented in [3], in 
which the subgridding technique is included [4]. The 
following example was chosen to validate the method 
accuracy.  
A 900 MHz centre-fed half-wavelength dipole was 
considered as a transmitter source that represents as example 
of the RFID reader, whereas the RFID tag was considered as a 
small half-wavelength meander antenna, as shown in Fig. 2. 
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Two different distances between the source and the tag were 
studied and discussed. Two separate simulations were 
undertaken for each case, one with the far field application and 
other with near field application as shown in Fig. 1. The 
parameters used are summarized in Table 1. 
 
Fig. 2  FDTD/SGFDTD basic geometry. 
 
 
 
The field distribution over an xz plane 2 cm distant from the 
sensor (scatterer) for near field and far field techniques is 
shown in Fig. 3. The plane size considered here was 20 cm × 
16 cm for x and z axes respectively. The far field and near 
field techniques were checked for comparisons of one antenna 
geometry i.e. Dt was fixed to 6 cm for both techniques, the 
fields were found identical to the one shown in Fig. 3. Both 
methods show a good stability and the results were convergent 
within four iterations. However, the total field components 
was found ±2% when compared to results computed using 
NEC2 software. 
III. CONCLUSIONS 
Multiple-region hybrid techniques with frequency-domain 
Method of Moments, Finite-Difference Time-Domain and 
subgridding were proposed and investigated. The method was 
validated for far field and near field applications. The present 
computational electromagnetics technique gave stable and 
accurate results which is a step towards validation of complex 
hybrid theory problems such as are found in RFID 
applications in which the tag sensors are placed or mounted on 
dielectric or conducting materials. 
 
 
Fig. 3 The distribution of the Ez and Etotal field components in dB at 2 cm 
away from the sensor, using near field technique; (top): Ez, (bottom): Etotal. 
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TABLE I 
INPUT PARAMETERS TO THE HYBRID METHOD 
Formulation Far Fields Near Fields 
FDTD problem space 20 × 20 × 30 20 × 40 × 30 
Huygens surface 16 × 16 × 26 4 × 4 × 30
FDTD volume (cm3) 24 × 24 × 36 24 × 48 × 36 
FDTD cell size and time step 12 mm, 16.8 ps 12 mm, 16.8 ps 
No. of the FDTD PML cells 8 8 
Subgridding cells 5 × 5 × 15 5 × 5 × 15 
Subgridding FDTD cell size 
and time step 
2 mm, 2.8 ps 2 mm, 2.8 ps 
The operating frequency 900 MHz 900 MHz 
Dt: distance between the 
centres of transmitter and the 
sensor 
33 cm 6 cm 
Df: distance between the centre 
of the sensor to the subgridding 
FDTD boundary 
8 mm 8 mm 
The transmitter is a dipole of half wavelength and radius 0.0025 wavelength. 
2mm
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I.  INTRODUCTION 
The development of hybrid electromagnetic codes for precise 
calculation of electromagnetic fields within, or in close 
proximity, to anisotropic and inhomogeneous dielectric media, 
such as the human body, is a key ingredient on the 
development of medical and on body RF applications. 
Electromagnetic fields are induced inside any biological 
system when illuminated by an EM wave, and the wave is 
scattered externally [1-4]. Such computations place 
considerable demands on computational resources, hence the 
need for fast and efficient formulations, which are not limited 
to generic ‘best in class’ solutions. Several hybrid approaches 
have been suggested for a variety of electromagnetic problems, 
ranging from the highly specific, to the very general. For 
example, a genetic algorithm (GA) implementation of a multi-
structure method of moments analysis (MS-MoM-GA) has 
been proposed by Arnaud-Cormos [5] for the optimization of 
antenna performance, including the feed network. Becker and 
Hansen [6] proposed a multi-temporal resolution (time domain) 
approach to the method of moments, including the geometrical 
theory of diffraction, for calculation of the transient fields 
radiated from antennas placed on large bodies. Hybridization 
of FEM and MoM has also been advocated [7], and has been 
rigorously evaluated for general scattering patterns. A hybrid 
time domain technique linking FEM and MoM with FDTD has 
been suggested for general complex problems [8]. 
This paper describes the application of a hybrid method of 
moments, with generic and sub-gridded finite-difference time-
domain approach (MoM–FDTD–(SG)FDTD) for modelling 
the interaction between a low frequency RFID antenna tag and 
a various regions in close proximity to the trunk, and back of a 
detailed human body model. The “Visible Man” model is used 
for these studies [9]. The operating frequency of the antenna is 
900 MHz. The near and far field properties of the antenna are 
evaluated for various body placements and full characterization 
of the antenna performance is given in terms of the polarization 
state, absorbed power and radiated power. The radiating 
efficiency of the antenna in proximity to the body may be 
inferred from these calculations, and a simple statistical picture 
is presented.  
II. MODIFIED TOTAL/SCATTERED FIELD FORMULATION 
The near field antenna data is obtained from a basic MoM 
computation and embedded into a more general FDTD 
simulation environment using a modified total/scattered field 
formulation, this is illustrated in outline by the schematic in 
Fig. 1. 
 
Figure 1.  Modified total and scaterred field region for hybrid method. 
These near field values, EMoM and HMoM, are substituted over 
the five faces of the rectangular equivalent (Huygens’) surface. 
Note, one of the faces corresponds to the finite ground plane in 
which the electric field vanishes. This modified total/scattered 
field formulation is used to exchange the scattered and total 
field regions. In this case, the fields inside and outside the 
Huygens’ surface are considered to be the scattered field, and 
the total field region, respectively. Solutions from this 
formulation only exist if the source is smaller than the size of 
the scatterer. The 1-D updating equations for the electric and 
Abstract—This paper describes the application of a new hybrid 
method of moments, with generic and sub-gridded finite-
difference time-domain approach (MoM–FDTD–(SG)FDTD) for 
modelling the interaction between an applied excitation placed in 
close proximity with an inhomogeneous human body model. The 
source is provided by a small low frequency RFID antenna tag, 
operating at 900 MHz. Near and far fields performance for the 
antenna are assessed for different placements over the body. The 
cumulative distribution function of the radiation efficiency and 
the absorbed power are presented, and discussed.  
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magnetic field components are modified using an “outside 
surface boundary” treatment.  
 
Figure 2.  Modified total and scattered field components for one-
dimensional hybrid method (outside H surface method).  
This may be illustrated by examining the 1-D transverse 
magnetic (TM) field case, as in Fig. 2. The method divides the 
x–directed array of Ez and Hy components into Region 1 
(scattered fields) and Region 2 (total fields) by a virtual 
surface. At this surface, there exists a special set of E and H 
components (grey in the diagram), these four field components 
are Ez at iL and iR and Hy at ( iL – ½ ) and ( iR + ½ ), the 
subscripts are for left and right, respectively. The surface of the 
special H field components (surface current J) is situated on the 
outside of the FDTD Huygens’ surface grids. The boundary Ez 
and Hy updating equations are given by: 
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The subscripts “tot” and “scat” stand for total and scattered 
fields, respectively, o is the electric permittivity in F/m, o is 
the magnetic permeability in H/m, t is the time, and x is the 
FDTD cell size. Equations (1)-(4) are the 1-D total/scattered 
field FDTD formulations which generate the equivalent effects 
of the plane wave at one surface interface.  
III. SOURCE EXCITATION 
The antenna used to develop this model is described in 
[10], this is basically a simple meander–line antenna. The 
antenna structure is composed from two strips, each with 
multiple equal meanders, where the horizontal dimensioning 
controls the radiation resistance, and the vertical dimensioning 
controls the antenna capacitance, and resistive losses. The 
antenna design was optimised for 900 MHz operation, using a 
genetic algorithm running in conjunction with the NEC source 
code [11]. The design criteria for this antenna require a good 
operating efficiency for use in proximity to the human body.  
 
 
Figure 3.  Observed field is located: (a) Inside subgrid, (b) Outside subgrid. 
 
 
Figure 4.  The electric field variation: (a) Inside subgrid region (Ezg) and at 
normal grid (Ez) (b) Ez Outside subgrid region. 
Figure 5.  The balanced antenna 
with the equivalent Huygens box. 
Figure 6.  Human body model and 
the balanced antenna locations. 
 
IV. VALIDATION OF SUBGRID SCHEME 
The sub-gridding was validated with reference to two 
specific cases. Case 1 considered the observed field located 
within the sub-gridding region, with and without the sub-
gridding present, see Fig. 3(a). Case 2 considered the observed 
field located outside the sub-gridding region, with and without 
sub-gridding present, see Fig. 3(b). The calculation volume 
was excited by the antenna tag at 900 MHz, and the electric 
fields are compared for both cases at each point. The electric 
fields in the sub-gridded region (Ezg), and the normal grid (Ez) 
for Case 1 are found to be identical, see Fig. 4(a). Case 2 were 
also found to be identical, see Fig. 4(b). 
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Figure 7.  Subgrid cells of 10×10×10 FDTD cells are taken inside the 
human body. 
Figure 8.  Electric field distribution (dB scale) for horizontally polarized 
antenna: (a) Front, (b) Back. 
 
Figure 9.  Electric field distribution (dB scale) inside subgrid region for 
horizontal polarized antenna: (a) Front, (b) Back. 
V. THE HYBRID ANALYSIS 
The simulation begins by defining a Huygens’ surface 
around the antenna. The equivalent electric and magnetic 
sources on the surface are produced for each time step from the 
free space electric and magnetic fields of the antenna using 
NEC [11]. This field data becomes the input source for the 
FDTD code, the computation volume is 11877327 FDTD 
cells, and the Huygens’ box is set at 16410 FDTD cells for 
the horizontal polarization (Fig. 5). FDTD is applied over the 
whole calculation volume, the time step is set for 6 ps, and a 
six cell PML is used to terminate the calculation volume. The 
distance between the antenna Huygens surface box and human 
body is fixed at 12.0 cm (2 FDTD cells). The equivalence 
principle is operated using the hybrid procedure described in 
[12], and the coarse and fine grain cell sizes (dx=dy=dz) are 
6.0 mm and 3.0 mm, respectively. The scatterer fields are 
obtained at each time step, and the equivalent surface currents 
on the Huygens surface are also obtained. The equivalent 
surface currents are also used to work back to the source to 
obtain the induced currents on it. 
 
X-Z Y-Z 
 
(a) 
  
(b) 
Figure 10.  Far field patterns for vertically polarized antenna at x-z and 
y-z planes (a) Front, (b) Back; ‘o-o-o’: E

, ‘x-x-x’: E

. 
A. Near and Far Fields Simulation 
The near and far fields of the antenna are calculated and 
analyzed for the various locations in order to build up a 
realistic picture of the antenna performance while in close 
proximity with the human body. As shown in Fig. 6, a total of 
32 locations were investigated, 16 on the back and 16 on the 
front. Sub-gridding was carried out within the human body 
model space, for the near field analysis, using 101010 
FDTD cells, see Fig. 7. In other words, sub-gridding volume in 
length was 606060 mm. Fig. 8 shows the electric field 
distributions (using an equivalent dB scale) in the immediate 
neighbourhood, and the interior, of the body model, in the x–z 
and y–z planes, for the horizontal polarization state. Fig. 9 
shows the electric field distribution inside the sub-gridded 
region for the x–z plane (dB scale, again). Further simulations 
were performed using the same antenna locations for the 
vertical polarization state, these were found to be comparable 
with the horizontal state.  
The electric field distributions obtained in the 
neighbourhood of the human body model were almost the same 
regardless of whether the antenna tag was horizontally or 
vertically polarized. A similar observation was also produced 
within the sub-gridded region. The electric fields were very 
strong when the antenna tags are located close to the body, as 
indicated by the red colourization in the plots. Fig. 10 shows 
the far field radiation pattern for the antenna (in vertical 
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polarization) at the front and back of the human body model. 
The underlying computation was normalised to 1 W input 
power. The variation in the far field patterns implies that the 
field distributions are more concentrated in the direction facing 
the normal antenna axis, and away from the body. The field 
magnitude is reduced by between 10 dB to 20 dB due to the 
tailing effect of the body. Once again, the field distributions for 
the horizontally polarized state were quite similar to the 
vertical state, and are not reproduced here. 
 
Figure 11.  The CDF of the radiation effeciency and Pabsorbed/Pradiated: (a) 
Horizontal polarization, (b) Vertical polarization. 
B. Cumulative Distribution Function (CDF) 
The absorbed and radiated powers generated within the 
human body model were obtained online during the 
simulations, from which the radiation efficiency of the antenna 
may be inferred. The cumulative distribution function (CDF) 
was calculated for each location in order to estimate the 
probability of the power absorbed and radiation efficiency with 
respect to location over the human body, see Fig. 11. The 
radiation efficiency values increase as the antenna moves from 
the back to the front of the body. The antenna achieves a mean 
radiation efficiency of 43% for both polarization states when 
the antenna is located on the front of the human body model, in 
contrast with the back positions.  
VI. CONCLUSION 
The bio-electromagnetic interaction between the human 
body, and a short range 900 MHz RFID tag antenna, located in 
close proximity to the body, has been developed with the aid of 
a hybrid MoM–FDTD–(SG)FDTD code. The inhomogeneous 
body properties were represented using the Visible Man model. 
The functional performance of the antenna was characterised in 
terms of the horizontal and vertical polarization states for tags 
distributed over thirty two distinct body locations. In addition, 
near and far field distributions were computed. The CDF of the 
radiation efficiency and the ratio of absorbed power over 
radiated power of the antenna was obtained for the set of body 
locations. This approach to the model definition, and 
performance analysis, should better enable future studies of 
antenna tags for medical and on–body communication 
applications with realistic forecasts of the impact of the body 
on antennas, both in face–on and oblique body locations. 
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